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This report to the Great Lakes Science Advisory Board was prepared by
the Board's Modeling Task Force.

The report's content, conciusions, and

recommendations are those of the Task Force and are not to be attributed
to the Board.
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Executive Summary

This report has been prepared by a Task Force established to examine the
past, present, and future roles of mathematical models applied to research and
management of the Great Lakes environment.
In recent years, considerable effort
has been devoted to developing models; indeed, the state of the art of modeling
the Great Lakes is advanced compared to the modeling of most other water
resources in the world.
Looking to the future, there is a growing acceptance
that proper management of the Great Lakes will require a holistic
ecosystem
approach" in which the numerous chemical, physical, biological and social
components and their interactions are identified.
Accordingly, it will be

demanded that management decisions be made with a full knowledge of all

implications involved. Mathematical models which give quantitative and
integrated representations of complex real world systems may be the only way
by which ecosystems can be understood and by which the ecosystem approach can
be effectively implemented.

A spectrum of opinion now exists about Great Lakes modeling (as well as
modeling in general), ranging from disappointment and cynicism to enthusiasm
and optimism.
Part of the reason for these differences of opinion is that
communication between model builders and model users has not always been as
good as it should be.
However, Great Lakes modeling is now entering a phase
of greater maturity in which expectations are more tempered and realistic.
Scientists now generally accept that the modeling process itself produces
valuable information and insight, even if a model does not prove directly
useful for actual management.
In an age where computer literacy is becoming
commonplace, the value of modeling is likely to be more universally realized.
The major types of Great Lakes models that have been developed and
their role in guiding Great Lakes management are discussed in this report.
In Appendix B an update of a previously published inventory of many of the
most relevant models is presented. An assessment of the models inventoried
indicates a major thrust in Great Lakes modeling has been the development of
water quality models applied to eutrophication.
However, because water
quality efforts have been increasingly devoted to toxic chemicals such as PCBs
and heavy metals, there has recently been a shift in focus to toxic substance
modeling.
The development of such models is immature but is deserving of high
priority from a research needs standpoint. Other types of models that have
been used for scientific and management purposes are hydrodynamic and
circulation/transport models, fisheries models and nonpoint source models.
Despite the often successful use of models in Great Lakes management,
models may be abused if their limitations are not fully appreciated. These
limitations include the simplifying assumptions modelers must make in order
to avoid making their models unnecessarily complex.
The modeler must thus
exercise judgement about which processes should and should not be included,

and these judgements can contribute to uncertainty in output.
Other
limitations include the lack, poor quality, or natural variability of the
data that are used in the model.
Whenever possible, these uncertainties
I should be clearly specified using quantitative uncertainty analysis techniques.
In addition to specifying uncertainly, a model should be validated for
application to a specific situation.
Ideally, validation is a threeastep
process.
Models should first be calibrated (adjusted so the model output
agrees with observed data), then verified (output is compared to an
independent set of field data), and, finally, models should be subjected
to a post audit (the actual response of a system over time is compared to
the response predicted).
In environmental modeling, there have been few
instances in which all three steps, especially the post~audit step, have
been used in the validation process.
However, over the next several years
there will be an excellent opportunity to conduct post audits of those models
that were so important to the Great Lakes nutrient reduction program, a
program whose size and environmental significance is unmatched anywhere in the
world. A careful bilateral research study and evaluation of how the lakes
responded to the control program would not only allow these models to be used
with greater understanding in the future as a result of a post audit, but
would provide directions for future ecosystem management worldwide. It could
also go a long way to lending credibility to the modeling process itself
assuming model predictions were substantiated.
Another aspect of modeling that needs attention is the transfer of
technology from modeler to user.
Improving the transfer process would
contribute to better appreciation by the user of the uncertainties and
limitations inherent in a given model.
It is essential that models be well
documented and that opportunities be provided for potential users to receive
training in the use of selected models.
It is also valuable if users can
become more involved in the actual development of models.
One new approach to technology transfer is the use of personal computers
and user friendly software.
For the Great Lakes (or Great Lakes Basin) model
user, a model that can be run on a personal computer (or can interface with a
large computer) allows intimate involvement in the process.
For instance,
using a model directly, a manager might quickly determine the possible effects
of alternative management decisions.
A major resistance to the use of models
the lack of control and the feeling of not being part of the process - may
consequently be overcome by using personal computer technology. Thus, the
design of predictive models so they can be run on personal computers is likely
to be a major activity in the years ahead.
Overall, mathematical modeling has and will continue to play a very
important role in Great Lakes management and scientific development.
Specifically, the modeling activities likely to have the greatest payoff in
the near future are:
l) development of toxic substance models applicable to
the myriad of xenobiotic chemicals which have been identified in the Great
lakes; 2) post~auditing and improvement of eutrophication models;
3) construction of hydro«dynamic models of water level and flow changes that
will result fromdiversion or climatic change; 4) development of fisheries
models related to stocking strategies and water quality/fish yield links;
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5) the use of models to optimize strategies for surveillance, monitoring and
research; and 6) the use of the modeling process to identify research needs.

Although not likely to have near term practical application, the development

of ecosystem models integrating the many physical, chemical, biological,
economic and even social processes which influence the condition of the Great
Lakes is a worthy, long range research goal.

To be certain, mathematical models have not and will not replace
scientific insight and common sense in decision making.
However, they are
firmly established as an integral part of the research/management process.
When used with an awareness of their limitations, models are sure to be a
primary tool of those trying to understand and manage the world s largest
inland sea.

(vii)

Recommendations

Although a large number are available, Great Lakes mathematical models

are still evolving.
Furthermore, as the value of the Great Lakes resource
increases and as an ecosystem approach to management is implemented, the role
of models as cost effective tools will become even greater.
Thus, the Task
Force recommends continued development of scientifically sound Great Lakes
models.
Without such development, the ecosystem approach to management will
likely not succeed.
Such development should involve the direct input of
potential users and relevant ecosystem scientists as well as the modeler.
Listed below are specific recommendations:
l.

Since toxic substances and their fate in the Great Lakes
ecosystem will remain an item of highest scientific
research priority, increased emphasis should be given
to the development of models of toxic substances.
The
development of these models must be accompanied by improved
quantitative knowledge of the sources, concentrations,
rates of transport, and biological fates of toxic chemicals.

2.

A post-audit of the models used to guide Great Lakes
eutrophication control strategies should be performed,
perhaps as part of a major reference study (conducted
through the International Joint Commission) to evaluate
thoroughly the effect of the billion dollar eutrophication
control effort.
A new reference study would set the
framework for assessing the accuracy of the models and
would provide additional information needed to refine
management strategies.
It would also undoubtedly stimulate
a variety of new cooperative research in modeling and other
areas, similar to that experienced during the Upper Lakes
Reference Group Study and the Pollution from Land Use
Activities Reference Group Study.

3.

New approaches involving the use of personal computers, and
the development of intelligible, user-friendly software for
water quality modeling should be encouraged and funded in
order to facilitate the transfer of scientific information.
Appropriate documentation identifying the limitations and
appropriate use of the models should be prepared whenever a
model is developed and modelers should be urged to make
themselves available to instruct users in the model(s).

(ix)

One of the most important recent trends in modeling which
should be continued is the development of quantitative
estimates of model output uncertainty.
Even for a single,
clearly defined, water quality goal, there are often
several potential management schemes or models which can be
used, and the choice among these programs or models is not
always clear. However, uncertainty analysis provides a
rational basis for cost benefit or risk assessment
decisions, and further research in this area is strongly
recommended.
The factors which potentially limit the use of Great Lakes
models should always be recognized and accounted for by the
user. These factors include:
l) the models' inherent
conceptual limitations; 2) the inordinate data requirements
of some models; 3) the inability to fully validate some
models; and 4) the possible lack of quantitative measures
of model output uncertainty.
Long term research on how to integrate existing models into
more general packages should be encouraged and funded.
For
example, current toxic substances models might be integrated
with water circulation and transport models to simulate, and
thus predict, the distribution and fate of these substances.
The integration of simple water quality models with
relevant economics models is also recommended. Such models
would be useful for assessing the economic implications of
ecological management programs in the Great Lakes Basin.
However, while research on the integration of specialized
models and the development of multi-faceted ecosystem
models is recommended, it is cautioned that large and
complicated models are not likely to have near-term
practical payoffs since the uncertainties associated with
such models tend to be large and difficult to define.
Great Lakes model development, like Great Lakes ecosystem
research, is a long-term endeavor that will be best served
by a continuity of support. This is not to say that
short term results will not have important impacts, but
long term commitment will likely result in the greatest
return for the research and development investment. While
the building of new model structures is encouraged, greater
support for maintaining and/or refining existing models is
also strongly recommended.
Although a Science Advisory Board sponsored modeling
workshop is not recommended at this time, the need for
such a workshop should be reconsidered in several years.
A modeling task force should be established at that time,
not only to consider a workshop but also to update the
inventory of models and assess modeling progress.
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I. Introduction

PURPOSE
In the l982 Annual Report to the International Joint Commission (IJC),
the Science Advisory Board (SAB) identified "computer modeling and validation"

as one of ten research issues in the Great Lakes Basin.

Modeling was viewed

not only as a means to examine complex phenomena and interactions, but also
as a planning and management aid for dealing with environmental problems such
as nutrient and toxic contaminant loading and their effects. The SAB report
further stated that there was a ... need to determine which models are
appropriate for a particular problem and to validate such models to enhance
Subsequently, they recommended that a task force be
their utility.
established to evaluate efforts for selecting and validating computer
simulation models."
In the spring of l983, the SAB established a task force and gave it a
terms of reference (Appendix A). The terms of reference directed the task
force to:
1)
2)
3)
4)

provide an overview of Great Lakes modeling activities;
evaluate the role models have played in management and
surveillance;
recommend means to improve the verification and validation
of models; and
identify modeling needs.

Also, the task force was asked to consider the merit of IJC sponsoring a
workshop on the role of modeling in research and management.
The purpose of this report is to address the terms of reference and,
thereby, provide the SAB and IJC with a basis for assessing questions involving
the use of models or the development of new models. The report is limited in
scope to Great Lakes models or to general models with potential use in the
A more general description of water resources modeling can
Great Lakes Basin.
be found elsewhere, such as in the report to the U.S. Congress on the use of
models in water resources (Office of Technology Assessment, l982), the report
to the Canadian Environmental Assessment Review Office (de Broissia, 1984), or
in several recent books on modeling (e.g. Scavia and Robertson, 1983;
Simons, 1980; Chapra and Reckhow, l983).

This report does not evaluate mathematical equations, data, or computers,
but rather examines the uses of mathematical models, the process of model
development, and the general limitations of models.
Priority attention is
given to toxic contaminants and eutrophication, given the prominence of these
problems in the Great Lakes. However, other models, such as those concerned

with circulation/transport, nonpoint sources, and fisheries are also considered,
although in less detail.

This report is divided into five sections plus the recommendations already
In the
given. The first section includes a primer on basic modeling concepts.
in
used
y
successfull
been
have
which
models
selected
second section several
the
assesses
also
section
second
The
illustrated.
Great Lakes management are
existing
of
inventory
an
on
based
models
Lakes
current state of-the art of Great
In the third section, the questions of model structure and validation,
models.
appropriateness, uncertainty, and data needs in modeling are considered. The
fourth section addresses the dissemination or transfer of information on
modeling technology. Section five looks at the future of modeling in the Great
Lakes, particularly as it relates to the evolution of a cost effective ecosystem
'
approach to Great Lakes management.

BASIC MODELING CONCEPTS
Models are simply a mathematical representation of the real world in which
equations are used to represent interactions among components of a discrete
system. More precisely, Simons (l979) and Thomann (l982) define models as
theoretical constructs which use numerical values to represent components and
which relate external inputs to variable responses of the system being modeled.
rangingfrom an economic
The components represented in models vary widely,
component (the cost of an anti pollution measure) to a biological component
(the presence of a particular species of alga). The components chosen will,
of course, depend on the desired output and what most influences the output.
Interrelationships among the components are expressed in an equation or series
These equations necessarily simplify the actual situation, and
of equations.
in essence they are an expression of opinion on how the system in question
Indeed, some models totally ignore the theoretical
works (van Keulen, l974).
basis for relationship between components and utilize instead purely empirical
However, whichever the approach, if models
behavior for the components.
reasonably predict the behavior of a system, they can be useful in analyzing
alternative courses of action.

For example, the PCB content of coho
Most models make predictions.
From a
salmon has been identified as a topic of concern in Lake Ontario.

management perspective, it would be useful to predict the nature of a change

in the PCB content of the salmon that would result from a change in the
If a model can be developed which can make this
loading of PCB to the lake.
type of prediction, it could be used to help guide management and planning.
For instance, such a model could be used to define when a significant hazard
to consumers of salmon was liable to occur for given inputs of PCBs. If
current levels present a hazard, the model might be used to quantify the
reductions in current loadings which are necessary to eliminate the problem.
Models may be very simple, requiring only a pocket calculator, or very
complex, requiring extensive software and mainframe computers. Models may
represent single components (e.g. the average concentration of silica in
the open water of Lake Michigan as a function of time), or many components
(2.9. the distribution of a variety of toxic chemicals in Lake Ontario under
Likewise,
the influence of multiple degradation and transport processes).

models may represent large systems such as Lake Superior or relatively small
systems, such as a reach of the Niagara River.
Perhaps more important than

the physical size of the system is the number of components represented in the

model. The most effective models are often the simplest, or at least those
designed to produce desired outputs with minimum input data. As noted by

Rodgers (1978), however, a desire for realism and robustness in a model often

leads planners and managers away from simpler models into unnecessarily
complex ones.

The terminology used by modelers can be confusing to a non modeler, and
can even inhibit the actual use of models. 0n the other hand such terminOIOQy
is necessary in order to allow modelers and non modelers alike to converse
precisely about model specification.
Therefore, some terms that frequently
arise in the modeling literature, and which are used in this report, are
briefly defined below.
l.

Model Variables
Components or terms of mathematical
equations that may vary depending on the situation or
application.

2.

Coefficients (sometimes called constants) - Unlike model
variables, coefficients are components of equations
(models) with fixed values that do not change.

3.

Inputs and Outputs
Model inputs are the values that must
be entered into the model before it can be used to create
outputs or predictions.
For example, a model whose output
is average annual total phosphorus concentration in Lake
Michigan would require the annual total phosphorus load to
the lake as one necessary input.

4.

Simulation Model
Simulation models are a type of model
that describes in detail the operation and behavior of a
system over time; they are often used to test the effect of
alternative inputs or courses of action (as in alternative
strategies to solve a pollution problem).

5.

Optimization Model
An optimization model is a type of
model that prescribes what plan or series of actions can
most efficiently achieve a desired objective (an objective
might be least cost or greatest impact of a particular
water management plan).

6.

Deterministic Model
A model whose equations reflect
actual mathematical representations of physical, chemical
and biological mechanisms.
In other words in deterministic
models the results are uniquely determined by the model
equations and the input data.

7.

Stochastic Model
Input and results of the model are given
as a range of probable numbers, accounting for the fact
that certain events, such as rainfall, occur randomly.

8.

Empirical Model - Empirical models are typically developed
from statistical fits of data, rather than from theoretical
principles. They are most frequently developed from simple
or multiple linear regression analysis, and can be used to
predict the response of a dependent variable to changes in
one or more independent variables.

9.

Model Validation - The overall process used to determine
model credibility.
Model validation best consists of a
three stage process (as recommended by Thomann, 1982):
calibration, verification, and post audit.

10.

Model Calibration
This first stage of model validation
involves "tuning" a model (adjusting coefficients) so that
model output best agrees with observed data.

ll.

Model Verification - A second stage of model validation,
whereby output from a calibrated model is compared against
actual field data, preferably independently and under
conditions that differ considerably from those used in the
calibration.

12.

Model Post-Audit
Third stage of model validation, whereby
the actual response of a system to events is compared with
the response predicted by a model.

13.

Model Accuracy
Generally used to refer to how well a
model duplicates actual observations.
Importantly, the
accuracy needed will vary with the application; a model may
be valid or credible for some applications even though its
accuracy is less than perfect.

14.

Segments
Segments are spatial subdivisions of the
system.
Their boundaries depend on the nature of the
system (lake, embayment, river) to be modeled, and the
degree of precision desired by the model user.

15.

Initial Conditions
The magnitude of the model variables
at the start of the calculation (1.9. time = 0).

l6.

Boundary Conditions - Boundary conditions are the value of
the model variables which are used to describe the
conditions which exist at the spatial edges of the model.
For example, a model of Lake Huron would require defined
boundary conditions at the Straits of Mackinac and at the
St. Clair River.

PROCESS OF MODELING

Perhaps almost as important as the actual model results is the overall
modeling process. Often the process alone produces valuable information and
insight, even if the model does not prove to be of use for actual management.

As an example, much of the fundamental Great Lakes data has been gathered
in response to a need for this information, which was uncovered through the
modeling process.
The process of modeling can be roughly divided into five phases (after
Jeffers, 1978):

l)

2)
3)
4)
5)

problem definition;

generation of hypotheses;
model construction;
model testing (calibration and verification); and
model implementation and final testing.

In the definition phase, the system to be modeled as well as the types of
management actions or impacts must be defined.
In other words a statement
of the problem and the objectives of the model should be initially developed,
taking into account the resources (money, expertise, etc.) available.
In
this way the scope of the model, or what is to be excluded, is defined.
In
the hypotheses generation phase, the model is conceptualized, that is, the
components that must be considered are decided upon.
Which components should
be treated in depth, and which can be lumped together are also evaluated.
Perhaps most important, the links between components leading to the desired
outputs must also be hypothesized.
During the construction phase the equations are written and, if necessary,
a computer program.
The data needed to run the model are also assembled.
It may be necessary to collect additional data or even to make estimates
(based on expert judgment) to adequately define some parts of the model.
The construction of a model is an iterative process with constant review and
assessment of results in light of the original objectives. This procedure
often uncovers critical elements and relationships which require more research
or more precise evaluation, and thus is an important part of the modeling
process (see Simons and Lam, l980).
It should include review by both the
modeler and the user(s) involved.
Model calibration and verification are used to further refine and to
ascertain the usefulness of the model. As discussed above, calibration
provides the first adjustment of model coefficients.
Sensitivity analysis
is often conducted as part of the calibration process as an elementary way
to determine how uncertainties among relationships among components or the
numerical values assigned to terms in the equations of the model could affect
results. Verification, the second stage in model testing, is not always
straightforward.
Questions, such as how good is the model, are not always
easily answered.
Devising critical analytical or experimental tests to verify
a model is often difficult.
In general, quantitative measures of model
credibility, particulary error analysis, should be part of model development.
Such quantitative measures will be discussed later in the report.
During model implementation, the model is fully documented and simulations
using different inputs are made and results analyzed.
As part of this phase

technology transfer, 1.9. the transfer of the model or the results of the
model to managers, should occur.
This is a particularly important but often
overlooked step and will be discussed later in this report.
Last, the third
step in establishing model credibility, the post audit, should be conducted if
possible.
Post audits are particularly important to establish the credibility
of Great Lakes models so they can be reapplied or used in new management
applications with high confidence. All too often, however, the post audit
does not occur.
For instance, although billions of dollars have been spent on
a Great Lakes phosphorus control program which was based, at least in part, on
mathematical models, no provisions have been made to evaluate how well these
models actually predicted the lakes' response to the management measures.
Note also that model credibility is enhanced through peer review (in journals
or other publications), and this can be during any phase of the process.
It should also be realized that the modeling process is just a part of the
overall research and management process.
Figure 1 shows how models can fit
into the research/management process.
Although models are not essential to
guide research or set policy, they usually enhance the process or the product.
This enhancement has especially been true for Great Lakes ecosystem problems,
which are almost always complex.
Thus, the model process is useful other than
for making predictions. Specific uses are itemized in the next section.

Figure 1.
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II. Uses of Great Lakes Models

VARIED USES OF MODELS
Great Lakes models have found many applications.
important are to:
l)
2)
3)

4)
5)
6)

Some of the most

organize existing knowledge and data;
identify data and research needs;
facilitate communication among varied groups - scientists,
technologists, engineers, managers, policymakers,
politicians, and the public;
improve understanding about relationships among components
of systems and the consequences of change;
set regulations or objectives; and
provide quantitative estimates of impacts of alternate
actions or management strategies before they are
implemented.

Many of these uses get overlooked when evaluating the benefits of modeling
efforts.
For example, models designed to describe PCB cycling in the Great
Lakes clearly demonstrated the need for more basic physical chemical information
(9.9. solubilities, vapor pressures, sediment water partitioning, etc.) on
the 209 PCB congeners. As a result there has been considerable basic research
over the last several years on defining the properties of PCBs.
The most obvious use of Great Lakes models, however, has been in a
management context. Models have had an unprecedented role in Great Lakes
management decisions (as will be described subsequently).
In fact, models
have probably been used in managing the Great Lakes system more than any other
water resource in the world. Some of the Great Lakes issues or questions that
have or are currently being addressed by models include the following:
1.

What are the allowable loads of phosphorus and other
nutrients to Lake Erie and Green Bay in order to reduce
the area and duration of anoxia by 90%?

2.

What are the allowable nutrient loads to Saginaw Bay to
reduce the frequency of taste and odor problems by 90% at
the Bay City/Midland Water Treatment Plant?

3.

What impact, in terms of lakewide concentrations of
phosphorus, dissolved oxygen, and chlorophyll a, will a
phosphate detergent ban have on Lake Michigan.

4.

What is the response time of chlorophyll a to a 90%
phosphorus load reduction in Lake Ontario?

How long would it be before PCB concentrations in lake
trout reach the new U.S. Food and Drug Administration limit
of 2 mg/kg if loadings were reduced to zero today?
How long will "in-place" toxic pollutants remain as a
source of contamination under natural conditions?
Where is the optimal location of a new water intake in Lake
Huron?
What will be the impact on water quality of constructing a
waste disposal island in the Detroit River and how can the
design of the island be optimized?
When will the mirex contaminated sediments in the southern
third of Lake Ontario be rendered harmless by natural
processes?
How can the water levels of the Great Lakes be best managed
to the satisfaction of power, navigation, shoreline
property owner, and recreation interests?

ll.

What would be the impact on fish production of increasing
the amount of water diverted at Chicago?

12.

What are the relative importance of atmospheric deposition
and volatilization in determining the fate of toxic organic
substances in the Great Lakes?

13.

What are the relative importance of settling and
resuspension to the dynamics and fate of toxic substances
in the Great Lakes?

14.

What is the optimal sampling design for assessing

_.J
U!

10.

eutrophication in the Great Lakes or for establishing the
average concentration of PBCs in lake trout inhabiting the
lakes?
What is the impact of current salmonid management practices
on the forage base and ultimately on the sport fishery?

EXAMPLES OF EXTENSIVELY APPLIED MODELS
Probably the most prominent example of model use for management decisions
was in the renegotiation of the United States Canada Great Lakes Water Quality
Agreement in l978.
The 1972 Water Quality Agreement between the United States
and Canada called for total phosphorus concentrations in all major point
source discharges in the Lake Erie and Lake Ontario watersheds to be limited
to l mg/L.
However, the l978 Agreement contains specific phosphorus loading
objectives.
These objectives, which are a unique approach to managing such a
large resource, were based to a very large extent on mathematical models
developed during the early and mid lglos.

10

In developing the phosphorus objectives, a bilateral technical Task Group
used five mathematical models for the major Great Lakes basins to estimate
lake responses to changes in the phosphorus loads.
Two of the models used
were the Vollenweider (1976) phosphorus loading/chlorophyll a model and the
Chapra (1977) dynamic phosphorus loading model, both of which are relatively

simple models based on empirical (observed) relationships.

The other three

models (Thomann et a1. 1975; DiToro and Connolly, 1980; and Bierman et a1.
1980) were complex ecosystem models utilizing a series of differential
equations describing basic limnological processes. These complex models
account for and trace a number of variables throughout the system. All five
of the above models, when supplied with the same input data, were found to be
consistent in their general predictions. The fact that the models were
independently derived and were based on conceptually different approaches
instilled confidence in the predictions, and, in fact, led to the inclusion
of phosphorus loading objectives in the 1978 Water Quality Agreement that
were largely based on the model results.
Thus, models have had a very major
influence on the multi billion dollar Great Lakes phosphorus control program.
Other examples of whole lake models that have extensive management applications
include the use of an atmospheric transport model to estimate sulfate loadings
to the Great Lakes (Denison and Fleming, 1977) and operational oil spill models
that are used in pollution emergencies (Simons et a1. 1975; Pickett, 1980).
Models have also been used for important site specific Great Lakes
management.
In a major litigation case involving the pollution of PCBs in
Waukegan Harbor, models were used to project the movement of PCBs out of the
harbor into Lake Michigan and also to project the resultant impact on Lake
Michigan biota (Paul, 1981).
In Saginaw Bay (Lake Huron), the re-siting of a
water intake to avoid taste and odor problems, which would have cost millions
of dollars, was averted using information gained through a Saginaw Bay
eutrophication model (Bierman et a1. 1980). A chloride model was used to help
formulate decisions on the advisability of building a large steel plant which
would discharge large quantities of chloride along the shores of southern Lake
Michigan (Sonzogni et a1. 1983).
In western Lake Erie, a model of recirculation
was used to minimize loss of larval fish caused by their entrainment in the
intakes of power plant cooling systems (Paul and Patterson, 1977).
In the
St. Lawrence region near Lake Chambly, a water quality model (Simons and Lam,
1980) was used to predict changes in phosphorus levels due to river diversions
required by hydroelectric usage.
More recently, a statistical model
(El-Shaarawi and Esterby, 1984) was used to assess the contaminant levels at
different locations along the Niagara River (Niagara River Toxics Committee,
1984).

On a different scale, a model has been used to evaluate how growths of
Cladophora, a nuisance attached alga which causes great economic loss along
Great Lakes shorelines, could be controlled (Canale et a1. 1982).
Simulating growths of Cladophora at localized sites along Lake Huron under
various environmental conditions, the model highlighted the economic tradeoffs
between phosphorus removal from small wastewater sources and piping the
effluent to a site where it would not effect growth of the alga.
The model
thus enabled the community with the problem to identify management options
that otherwise were unknown.
An optimal solution was consequently achieved.
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STATE OF THE-ART OF GREAT LAKES MODELING TECHNOLOGY
In the past fifteen years the use of models in Great Lakes management and
- research has increased markedly. A listing of models developed during the
first part of this period may be found in Heidtke (l979), see also Heidtke and
Copies of these three
Sonzogni (l979), and Sonzogni and Heidtke (l980).
references are on file at the Great Lakes Regional Office, International Joint
Appendix B in
Commission, lOO Ouellette Avenue, Windsor, Ontario N9A 6T3.
more recent
of
this report updates these references, providing an inventory
work.

In the original inventories and the updated inventory in Appendix 8,
information on input data requirements, principal outputs, types of projections,
spatial dimensionality, information on calibration and verification, actual
applications, and limitations and/or unique features are summarized for each
model. Models were categorized into several groups of water resources models,
l) water quality models, 2) circulation/ transport models, 3) toxic
namely:
substances models, 4) fishery models, and 5) nonpoint source models.
Undoubtedly some existing models were omitted from the inventory; it is the
hope of the Task Force that these will be identified and included in future
updates of the inventory.
Considering the models listed in the inventory, it is clear that the major
thrust of model development, at least until recently, has been in the areas of
water quality (mostly eutrophication) and lake circulation or hydrodynamics.
More recently, however, as evidenced by Appendix B, considerable interest in
Overall, the trend seems to
developing toxic substances models has occurred.
Further
frombuilding eutrophication and hydrodynamic models.
be moving away

discussion of the state of-the-art is given below for each modeling category
inventoried.

water Quality Models

Water quality models have been applied to study eutrophication in all
of the Great Lakes, with the least attention given to Lake Superior. These
models have been generally used to evaluate average, whole lake effects for
individual basins or their major embayments, e.g. Lake Huron's Saginaw Bay.
The water quality variables most frequently simulated include phytoplankton,
zooplankton, nutrients and dissolved oxygen. Several of these models have
been used to evaluate the long term response of receiving waters to hypo
Newer models seem
thetical management scenarios as discussed previously.
such as growths of
problems,
quality
to be focusing on more specific water
effects.
lake
whole
from
Cladophora along shorelines, as distinct
Circulation/Transport Models
Several circulation models have been used to examine water movements
in Lakes Michigan, Erie and Ontario, with less attention being devoted
to Lakes Superior and Huron.
In the past, the majority of circulation
models were limited to the study of average, two dimensionally horizontal
central-lake current patterns for fixed wind directions and magnitude.
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However, the state of-the-art in this area has advanced now to incorporate
vertical water movements, as well as time dependent circulation in both the
central lake and nearshore zones.
Recent interest in modeling nearshore
circulation and transport is particularly significant.
One type of circulation transport model, the heat dispersion model (used
to predict temperature distributions in waters receiving heated effluent
discharges) has been well developed.
However, recent model development in
this area has waned as concern over thermal pollution has decreased.

Hydrodynamic models are often used in conjunction with water quality

models.
In fact, the integration of separate models into an overall modeling
package has become an important trend overall.
It is likely that future
ecosystem models will be a series of separate models that are mathematically
integrated.
Models of Toxic Chemicals
Although the number of toxic chemical models has increased over the last
several years, toxic substances continue to be the area in greatest need of
model development. One of the primary reasons for this lacuna is a lack of
quantitative information on toxic chemical inputs to the lakes (as mentioned
previously, this lack has prompted some basic research).
A lack of empirical
data for model calibration and verification further compounds the problem.
There is an obvious need for increased research in developing modeling
techniques and data acquisition systems to assist in broadening our under
standing of the effects of toxic inputs to the Great Lakes. The development
of toxic substances models will undoubtedly benefit and build upon models
already developed for water quality and circulation/transport.
Nonpoint Source Models
Several models of land runoff quality and quantity have been developed and
used to assess nonpoint source pollution loadings from rural and urban land.
Their appliction to the Great Lakes has increased as the relative importance
of nonpoint sources has become recognized.
In generating output, models of land runoff sometimes rely upon detailed
information concerning the physical and chemical characteristics of a given
watershed.
Input data generally include predominant land use and soil types,
topography, rainfall, snowmelt, temperature and land management practices.
These models can be used to predict runoff quantity and quality over very
short time intervals (every 15 minutes) or over relatively long periods
(average annual conditions). Alternately, relatively simple models designed
to be used directly by planners to make decisions about nonpoint source

controls have been developed for the Great Lakes Basin.

It should also be

mentioned that a variety of nonpoint source models that have been developed
for locations outside the Great Lakes Basin could be used within the Basin as
well.
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Fish Models

Most fisheries models to date have dealt with evaluating the effect of
alternative fish stocking and harvesting programs. Such models are of great
importance, because the sports fishery program is a multi-million dollar
endeavor.
However, little effort has gone into linking the fisheries with
other management aspects, such as toxic substances or eutrophication control.
This linkage is particularly important from an ecosystem management
perspective.
Part of the reason for the sparse activity has been the lack of
basic information and data needed to develop such models.
More model
development in this area is likely to occur in the near future.
One notable exception to the above has been in the area of bioenergetics
modeling (a type of model based on the flow of energy between different tophic
levels).
Bioenergetics modeling has provided some useful insights into the
linkages between toxic substances and fish.

l4

III. Limits to Models and Model Applications

Despite the unquestionable value of models to Great Lakes management and
planning, models do have limitations.
When used inappropriately or without a

knowledge of their limitations, models can lead to misdirected conclusions or

approaches.
However, as concluded in the recent Great Lakes Environmental
Planning Study conducted by the Great Lakes Basin Commission (Heidtke et a1.
1981), when models are "used in combination with sound judgment and an
understanding of their appropriate applications, (they) provide a powerful
means of assessing the cumulative effects of alternate management decisions.
Accordingly, it is important to fully comprehend the limitations of any model
before using it.

Overall, there are four factors that limit the use of models:
(1) conceptual simplification, (2) inadequate or inappropriate data, (3) lack
of complete validation, and (4) lack of quantitative measures of uncertainty.
Each of these factors is discussed below.
In addition, the user's role in
minimizing inappropriate use of models is discussed.

CONCEPTUAL SIMPLIFICATION
Model making should be subject to the rule of parsimony.
Even in
elaborate or complex models only a limited number of features of a system
can be considered, requiring averaging or lumping of many factors.
Therefore
models are, by nature, conceptually incomplete. The selection of model
variables will depend on the nature of the problem as well as the experience
and judgment of the modeler, since model development requires decisions to
be made regarding model complexity, cost, ease of use, data requirements,
and so forth.
The final model design is based on compromises or tradeoffs.
To illustrate the effect of parsimony, consider that a model of lake trout
population dynamics in Lake Huron is unlikely to deal with the intricacies
of nutrient uptake by several functionally-distinct classes of algae. Yet,
nutrient uptake ultimately does have an effect on lake trout populations,
albeit an indirect and probably small one. Nevertheless, the necessity to
limit the size of models means that they will necessarily distort the real
world or give an imperfect representation of the system.
Intuitively, the important features which exert the major influence
over target features probably have been included in most Great Lakes models.
However, given that the spatial and structural bounding of a model is
subjective, the user must consider conceptual simplification in models.
It is also possible that models may be conceptually incomplete not because
of an error in judgment of the modeler, but rather because of a lack of
scientific understanding.
For example, an important relationship between
water quality and fish may be left out of a model simply because that
relationship is not known or understood, rather than due to poor judgment by
the modeler.
For whatever the reason, however, conceptual incompleteness

could result in incorrect predictions when used in a management context.
l5

Although it might seem that creating a model that considers as many
components as possible would provide for the most useful representations of a
But what level of complexity is
real system, this is not often the case.
- optimal? As discussed previously, the best model is the simplest model that
provides the required information, as dictated by the needs and objectives of
For instance, if detailed information about the rates of exchange of
users.
mercury between algae, zooplankton, and fish in a lake which receives effluent
from a pulp mill are needed, one might wish to rely on a dynamic systems model
which compartmentalizes the lake and can trace the states of these compartments
Alternatively, the fish may be of greatest economic
in detail over time.
A more complex
the only compartment of interest.
be
may
and
,
importance
In
available.
were
it
if
case,
this
in
used
be
also
could
model
ecosystem
mercury
fish
predicts
which
model
simpler
a
choose
might
one
this situation,
content from mercury loading and selected key variables (e.g. epilimnetic pH
and calcium concentration; Wren and MacCrimmon, 1983). The former, more
complex model, might also serve the latter situation, if it were already
available, but it would not be the choice of a modeler attempting to answer
In either case, the model user must be
the needs of the simpler situation.
the model.
of
aware of the conceptual limitations
The ecosystem model mentioned above follows a deterministic approach, and
is based upon a series of differential equations which reflect basic limnological processes. These models account for and trace as many variables as
possible throughout the system, and conserve mass, energy, and momentum in
Dynamic
space and time (Richardson and Thomas, 1976; Lam and Halfon, l978).
for
loads
eutrophication models have been used to develop target phosphorus
the Great Lakes and for predicting the effects of natural variance in thermo
cline depth on the hypolimnetic oxygen deficit in Lake Erie (Lam et a1. l983).
These models are also important as research tools for helping to understand
basic Great Lakes interactions.
An increase in general computer literacy and in the accessibility of large
mainframe computers has made the development and use of deterministic models
However, one disadvantage of this approach is
feasible for many situations.
time and computer resources than simpler,
research
that it requires much more
of this approach is that no
shortcoming
a
Furthermore,
empirical methods.
and the accuracy of
models,
complete error analysis is available for these
Thus, complex
l983).
Chapra,
and
their predictions is poorly known (Reckhow
simple and
more
by
made
modeling efforts do not always improve upon estimates

less expensive approaches.

Klemes (l982) noted two principal merits of empirical models, namely
their simplicity and their potential. Such models typically use simple
(e.g. Vollenweider, 1976) or multiple regression analysis (e.g. Smith,
l982) to statistically link presumptive driving variables (e.g. phosphorus
loading) with other water quality parameters (e.g. chlorophyll a or water
They do not require a detailed understanding of complex causal
transparency).
chains, and as a result their data requirements are typically much more modest
If properly constructed, empirical models make
than deterministic models.
delay, and thus can provide a high benefit:cost
without
useful
collected data
ratio for users.
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The drawbacks, or limitations, of empirical models can also be summarized

simply (Klemes, 1982).

Because of natural variability and sampling error,

empirical models typically have large uncertainties.

The predictions of

empirical models can thus be fairly imprecise, emphasizing the need for
uncertainty analysis (as will be discussed later).

Furthermore, empirical

models must be regarded essentially as interpolation formulas. They have no
justification for use outside the range of the calibration data set, and their
use for extrapolation beyond these limits involves the risk of major errors.
However, when the knowledge of underlying processes is too weak to allow the
development of deterministic models, the empirical method provides a powerful
Its track record to date in the Great Lakes (and elsewhere)
management tool.
has been impressive (cf. Appendix B).
In conclusion, both complex deterministic and simple empirical models

have legitimate roles in Great Lakes management.

Neither are conceptually

Examples of
perfect, but knowledge and direction can be gained from both.
the two different approaches are given in Table 1, along with a summary of
Despite conceptual differences, the models in Table l
their characteristics.
predicted similar results regarding the impact of phosphorus control in Lake
Erie. Thus, the use of a spectrum of models for applications is recommended
in order to assess confidence in model conclusions.

DATA LIMITATIONS
Modeling is dependent upon the availability of appropriate and reliable
data. All too often, especially in a system as large as the Great Lakes,
the lack of necessary data stymies model development or prevents proper
verification of models. Perhaps the best example is in the area of toxic
chemical modeling, where the lack of appropriate data is a major impediment
(Halfon, 1984a).
The best
Model users must also be cognizant of the issue of data quality.
of models cannot make reasonable and accurate predictions if these predictions
are made using imprecise or inaccurate inputs. Although the adage garbage
in, garbage out has become modeling jargon, it nonetheless makes an important
point for model users.
On the other hand, the lack of certain types of data does not preclude the
If reasonable assumptions are
use of models, even for predictive purposes.
(or a range of values estimated
estimated
be
sometimes
can
data
missing
made,
or worst case scenarios employed) in order to use the model for preliminary
predictions. Assumptions can sometimes be adjusted during the calibration
process or sensitivity analysis conducted to assess the importance of the
assumptions made. Such predictions can have great uncertainty (see below),
but the implications of assumptions can be assessed using techniques such as
Monte Carlo simulation.
In many cases the data used in models were collected for a purpose other
than modeling. However, if data collection programs are cognizant of modeling
needs, long-term savings can be achieved. The following list of concerns
should be considered when designing multipurpose sampling programs, such as
the Great Lakes Surveillance and Monitoring program:
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TABLE 1. SUMMARY OF PRINCIPAL CHARACTERISTICS OF SEVERAL
GREAT LAKES EUTROPHICATION MODELS (BIERMAN, 1980)
Thomanna/
DiToro
(Lakes
Ontario
and
Huron)

DiToro5
(Lake
Erie)

Bierman
(Saginaw
Bay)

X

X

X

X

X

X

X

X

X
X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

Vollenweider1
(All Basins)

Chapra2
(All
Basins)

Deterministic
Empirical
Time Dependence
Dynamic
Steady State
Spatial Segmentation
None
Horizontal
Vertical
Input Requirements
External Loads for
Primary Variables
Depth

Volume
Hydraulic Detention
Time
Temperature (in lake)
Light

Hater Circulation Rates
Sediment Nutrient
Release Rates
Primary Variables
Phosphorus
Nitrogen
Silicon
Total Forms Only
Available and
Unavailable Forms
Secondary Variables
Chlorophyll
Diatom/non Diatom
Chlorophyll
Multi Class Biomass
Zooplankton
Dissolved Oxygen

1From Vollenweider, l975.
2From Chapra, 1977.
3From Thomann er a1. 1975.

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X
X
X

X
X
X

X

X

X

X

X
X
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X
X

X
X

4From DiToro and Matystik, 1980.
5From DiToro and Connolly, l980.
From Bierman et a1. 1980.

l.

Which analytical methods are to be used? Methods should be
chosen which are sufficiently sensitive and precise to

provide good estimates of the variables being studied.

Furthermore, consistent analytical methodology is essential
if long term data are to be properly used and interpreted.
Shapiro and Swain (l983) have made this point with regard
to recent controversies concerning long term trends in
dissolved silica in Lake Michigan.
2.

What will be the extent of temporal and spatial sampling?
How many samples will be taken how often at how many
sites? Is the sampling to be seasonal, or year around?

3.

Will the sampling pattern be systematic, random, or
systematic with a random start?

4.

Where the influx of a substance (9.9. PCB) is to be

5.

If many factors are being studied at once, should the
surveys be synoptic in order to allow the study of
instantaneous relationships?

6.

What proportion of total effort resources should go toward
observation of model variables versus rate measurements?

measured, what method should be used
measurements and concentration data?

to combine streamflow

Despite the need for more high quality data, data collection is limited
by available funding.
This problem is not easily solved.
Nevertheless, to
more cost effectively utilize available funds, data aquisition programs in the
future should consider the needs of modeling.
Basic data should be collected
so new models can be developed, as well as data needed to verify or conduct
verification or post audit studies.

VALIDATION
In very
fewcases have Great Lakes predictive models been subjected to
the rigorous three step validation program explained earlier:
l) calibration,
2) verification, and 3) post audit.
It is often impossible or impractical to
conduct all of these steps.
Consequently, users must be aware of this
limitation.
In model calibration a possible limitation is that the results of using
different coefficient values may not give unique outputs. Also, different
sets of coefficients may fit data equally well but may lead to quite different
model predictions.
One other point is that the variation and random nature of
model inputs, such as temperature, light, and flow, will often give different
results depending on how the values
foreach input are calculated.
In any
case users must be aware that a model that is "calibrated" is not necessarily
valid for any purpose other than that for which it was calibrated.
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As noted earlier, model verification is achieved when the model output
compares favorably with a data set independent from that used during model
calibration.
In the case of complex deterministic models, this is an imposing
.task.
In theory, the predictions of the model should be compared at all
appropriate levels with different data obtained from real systems. However,
this is rarely done in practice, and in some cases all or part of the data
set used in the model calibration phase is used in the verification step as
well; such a procedure is not proper verification.
In the final analysis it
is crucial that independent sets of data be used to check model output.
Once
this has been done, quantitative methods can be used to examine the fit
between the predicted and observed data (Thomann, l982).
Verification of empirical models is in many ways more tractible because
these models are simpler and only attempt to correlate a small set of
variables of interest.
One method involves the subdivision of the data
set into two equal groups.
A model is used to assess each subset, and the
outputs are then compared statistically.
If there is no significant
difference between the results, then the model is considered to have some
credance.
The data can then be recombined and re-analyzed as a whole to
provide a better prediction (Reckhow and Chapra, l983).
An alternative verification procedure is a cross validation in which n l
cases of the data set are used to calibrate and the remaining case is used to
verify the model. This procedure is repeated successively until every case
has been used as the verifying case.
If goodness of fit criteria suggest that
the verification is consistently successful, then all the data are used in the
final model run. Reckhow and Chapra (l983) note that model and parameter
errors are probably both better characterized using this procedure than with
the two subsets approach discussed above.
No matter what the structure, it is important to realize that good
verification statistics do not necessarily guarantee that any model will
accurately predict future water quality (Thomann, l982). Some uncertainty
will always remain which arises from the coefficients of the model, the model
variables, and the model structure itself (Simons and Lam, l980).
Therefore,
Great Lakes models should be subjected to post audits in which their
predictions are tested with data from the actual results of environmental
control programs or other management actions.
Unfortunately, post-audits
rarely occur. Only recently has there been some activity in this phase of
validation (DiToro and Winfield, l984).
An example of where a post audit would be extremely valuable involves the
Great Lakes phosphorus control program. As mentioned previously, one of the
key uses of models in the Great Lakes has been to develop phosphorus loading
control strategies.
Now that phosphorus controls are largely in place, it
follows that the response of the lakes to the phosphorus input reduction
should be measured and compared to model predictions. Since large sums have
been spent in the United States and Canada in what is undoubtedly the largest
eutrophication control effort in the world, it would seem prudent to closely
follow the effects of this reduction and to use the information to conduct
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post audits on the models used to help develop the program.
Such a process
might uncover new knowledge that could lead to adjustments in the current
program or could help shape future strategies in the Great Lakes and
elsewhere. A relatively small investment in a well coordinated, multi
national post audit could conceivably save millions of dollars in the future.
Such a study is also likely to have many scientific and technical spinoffs
that will help advance our understanding of the Great Lakes ecosystem.

UNCERTAINTY
As can be inferred from the foregoing discussion, questions such as
"how good is the model? involve judgment. What is "reasonable" or "good" to
one may not be so to another. Therefore, there is a need to have quantitative
measures of the accuracy and precision of models.
Measures of model performance, such as regression analysis between
predicted and actual or observed values, mean square errors, and comparisons
of means, have been reviewed recently by Thomann (l982). He notes that recent
increases in the complexity of water resources issues and the complexity of
models being developed have required the use of such statistical techniques
to evaluate results.
Including uncertainty analysis in the modeling process provides
quantitative measures for model users to evaluate the accuracy of models.
It also allows users, as described by Thomann, to:
l) better compare models,
2) provide a means to evaluate whether new models improve model performance,
and 3) to stimulate modelers themselves to improve their model performance.
On the other hand, Thomann (1982) warns that measuring model performance
could have drawbacks. There may be a tendency to curve fit" models to data
to get better statistics.
Also, good model performance does not guarantee

the ability of such a model to predict the future.

Furthermore, statistical

information, although very useful, should supplement, not replace, informed
judgment. Overall, however, such drawbacks do not outweigh the advantages of
using quantitative measures of model precision and accuracy.
The uncertainty in model performance reflects not only model structure,
but also uncertainty in the numerical representation of the input variables
and constants of the model. Generally, environmental data sets consist of a
range of values for any given parameter. Limitations of sampling, natural
variability, and measurement error contribute to uncertainty.
For example, in
lake models using phosphorus loading as an input variable, phosphorus loading
estimates will be affected by the enormous sampling problems and the difficulty
in measuring low levels of phosphorus.
In addition, the phosphorus load varies

naturally from year to year.

Ideally, the uncertainty of the values used in

models is reflected in model results.

can be used

Techniques such as Monte Carlo analysis

to develop this information.

Reckhow and Chapra (1983) and Chapra

and Reckhow (1983) have documented various ways to quantify the effects of
uncertainty in water resources models.
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Total prediction uncertainty, then, involves estimating the errors due
to the choice of the variables, coefficients, and model equations, as well
as the adequacy of the model. Although it will not be possible to estimate
uncertainty in all cases, the use of uncertainty analysis as part of the
As elucidated by Reckhow and Chapra
modeling process is strongly recommended.
(1983), planners and managers can make use of uncertainty measurements in
several ways:
1.

Use uncertainty measures to gage the value of the model
results (if the uncertainty of a prediction is high, the
prediction will have limited value).

2.

Differences among predictions can be better assessed using
uncertainty analysis (1.e. uncertainty analysis allows the
user to determine the range of results which are statistically
indistinguishable and discourages misinterpreting the
significance of quantitative differences in model output).

3.

Parts of the model associated with high uncertainty are often
identified through uncertainty analysis.

While uncertainty analysis is recommended, it is only fair to say that
most Great Lakes models will have relatively high uncertainty. This sometimes
leads the user to conclude that the model lacks sensitivity, that is, the
uncertainty is so large that predictions for different planning or management
scenarios produce results that are statistically indistinguishable. Nevertheless, uncertainty analysis is still encouraged, as is more research on
As Reckhow and Chapra (1983) point out,
uncertainty analysis techniques.
uncertainty is sometimes large since errors are double counted in some error
analysis methodologies. A better understanding of how to measure and express
predictive error, and how the model user should interpret this information in
practical situations, is definitely needed (see Halfon, 1984b).

USERS

ROLE IN MODEL APPLICATIONS

Just as a manager or planner typically utilizes total phosphorus
concentration measurements without a knowledge of the detailed chemical
reactions and colorimetry of the analytical method, so too can one utilize
results from models without complete knowledge of the intricacies of the
model. However, a certain degree of responsibility must nonetheless be placed
on the user of model results.
The user should be aware of the assumptions and limitations of the models
used. For example, it is unrealistic to assume that an ecosystem model

developed for Saginaw Bay (Lake Huron) can be used in Green Bay (Lake Michigan)

simply by changing a few of the terms. A recalibration of the model would be
necessary (and perhaps a change in the model structure as well) before it could
In the case of deterministic models,
be reasonably applied to the new system.
it is unwise to apply the model in cases where the value(s) of the dependent
variable(s) lie outside the range of the original calibration data set.
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More important, however, is the recognition that a model is only suitable when
it is applied to lakes that have characteristics in common with those used in
its calibration.
For example, some simple, empirical phosphorus models, such
as the one by Dillon and Rigler (l974) are explicitly formulated such that the
spring turnover total phosphorus concentrations are used to predict average
summer chlorophyll a.
The Dillon and Rigler model was designed, however, to
be used only when the spring total nitrogen: total phosphorus ratio exceeds
l2:l by weight; the error that can result from the indiscriminate use of their
model is stressed by Smith and Shapiro (l98l) and Smith (1982).
Taking the Dillon and Rigler model again as an example, one should
note that this model implicitly assumes that the spring total phosphorus
concentration is a good indicator of the amount of phosphorus that will be
available for algal growth during the summer. This assumption is not always
satisfied, however.
It can be shown (Prepas and Trew, l983; Nurnberg, 1984)
that in many systems the summer total phosphorus concentration can increase
significantly over spring levels.
Similarly, the presence of particulate
phosphorus in suspended sediments (Hoyer and Jones, 1983; Bierman et a1. 1984)
can also confound the relationship between total phosphorus and chlorophyll.
Both factors increase the uncertainy of predictions of summer phytoplankton
biomass, and it should thus be recognized that the model output can be taken
only as an estimate of the lake's true response.
One additional (and very disconcerting) aspect of models is that users
often place more trust in predictions of the models than is actually warranted.
A model provides convenient output values which are seductively simple; only
rarely is the model output accompanied by a statement of uncertainty or error.
Thus, it is common for users to believe that a model provides more information
about a system or problem than exists in reality. Accordingly, it should
always be recognized that a model output can be taken only as an estimate of
the system's true response.
Since unwary users may be misled by information apparently provided by
models, potential users should, whenever possible, be involved at the model
development stage.
Users should specify the issues or questions that they are
attempting to resolve through the modeling process, and development should
only proceed after question refinement involving both user and modeler.
The
precise definition of problems will ensure that modeler and user alike under
stand what is to be expected and will also permit subsequent evaluation of
the validity of model projections.
Refinement of models would include the
description of additional data needs and/or environmental processes affecting
the predicted output parameters as well as changes to (or complete re writing
of) the simulation model itself.

IV. Technology Transfer

As models are developed, calibrated, and verified, their credibility and
utility to management increases.
At some point in the modeling process, their
computer programs must be documented and user manuals prepared. However, the

question always remains on how best to transfer models to users who

may not

be familiar with their limitations.
Thus far there has been little success
in turning over models to managers or other users.
Particularly for the
Great Lakes where the levels of complexity are great and where scientific
uncertainty remains high, there is a need to maintain qualified modeling
experts ready to assist managers or management organizations, or at the least
to develop or revise models so they are user oriented.
Most modelers are
willing to respond to specific management requests and to become involved with
model applications but are concerned that unsupervised use of models could
result in incorrect conclusions being drawn.
Indeed, it would be ideal to
have a model s originator(s) available when the model is run.
However, such

a practice is often not possible and usually not practical.

One new approach to technology transfer is the use of personal computers
and the development of user friendly modeling software.
A model that can be
run on a personal computer allows intimate involvement in the modeling
process.
For example, using a model directly, a planner or manager could
quickly ascertain the effect of a decision.
Such a person could optimize a
solution by trial and error evaluations undertaken in a real time mode.
Consequently, a major resistance to the use of models - the lack of control
and the feeling of not being part of the process - can be overcome by using
personal computer technology.
For the future, the design of predictive models
so they can be run on personal computers is likely to be a major activity.

DOCUMENTATION
All models, if they are to be useful to persons other than the originator,
should be documented. Unfortunately, there has been a shortage of well
documented models, in the sense of having both a detailed explanation embedded
in the program listing and a separate but self-contained user's manual. The
reluctance on the part of the modeler to fully document models is partly due
to the extra effort involved (sometimes even greater than the programming
itself) and partly due to the fact that it is difficult to write a user's
manual that can be easily understood by an audience whose expertise is likely
to vary widely and which may be unknown to the modeler.
If the model is meant to be used, however, it is an inescapable respon
sibility for the modeler to document the model.
A good strategy to begin with
is to separate the potential users into at least two categories: those who

have some modeling knowledge and those who do not.

For the first category,

it may be necessary to label those areas in the computer program that should
not be allowed to change and other areas that can be altered by the user.
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package is readily available to any user. Users are asked
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models
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to the originators as a check to see if the model
tation, the
documen
the
If procedures are followed according to
correctly.
to their own.
much
run should be successful and the users are then left very
ers,
develop
Such technology transfer invokes some interactions with model
.
manuals
but basically utilizes carefully developed documentation and user
of theory,
Frequently, users will only have read and studied a minimum
The modeler is at a dilemma with these
text and technological instructions.
0n the one hand, these users (policy makers, advisors,
potential users.
with the
managers, engineers, and even modelers who may not be familiar
is to have
model
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particular discipline of the model)
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user
s
numerou
most
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are
practical application; they also
users
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ng
occurri
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other hand, there is a danger of abuses
this
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solutio
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ions.
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s
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small or
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personal computers.
After answering a few multiple
models in both the United States and Canada.
input the
choice questions on the screen, the user is able to run the model,
a variety
through
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d
observed data, and compare the computed and observe
is
tation
documen
The
of graphic display options including plotted hard copy.
is
model
the
as
minimal and self-explanatory and is provided on the screen
modeler
If possible, the user might participate in a trial run with the
run.
s,
warning
ting
at the outset which provides an opportune time for reitera
ive
limitations and disclaimers, which should also be built into the interact
ication
program. Note that the model intended for the user may be a simplif
me computer.
of a more complex model or may involve time sharing on a mainfra
an important
The highly interactive approach discussed here is likely to be
new trend in documenting models (Lam and Hansen, 1983).
It should be realized that improvement in model documentation is badly
needed. The era of developing a model, publishing the results and shelving
When a model has been developed and extensively tested with data,
it is gone.
it is expected that others will use it, and that modelers therefore have

obligations of documenting, demonstrating, clarifying, and coaching.

Another, more formal, means to transfer models is being conducted between
the U.S. Environmental Protection Agency's Large Lakes Research Station,
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whose personnel develop models, and the Great Lakes National Program Office,
whose personnel often apply models. The program involves a joint model

application to project the impact of sodium loads on the Great Lakes.

A

working relationship between the two staffs is being developed whereby certain
data and information are provided by the Program Office for use in modeling at
In this way, the Program Office becomes more familiar
the Research Station.
with specific computer programs and may eventually develop the ability to use
This arrangement for model transfer may be effective,
them independently.
providing a cooperative working relationship can be achieved, and the users
are not forced to make decisions prematurely.
Training

Users with minimal modeling knowledge, but who wish to know more about
models after some success with operational models, present the greatest
These users should be encouraged, because the more know
training problems.
less chance they will misuse models. They require a
the
are,
ledgeable they
of training, preferably in a hands on mode. One
level
basic to intermediate
teach basic theories, go through example model
which
week training courses
calculations, and allow for some hands on computer experience have been used
successfully by the U.S. Environmental Protection Agency.

Besides
More training at the university level is also encouraged.
stress
should
courses
obtaining working knowledge of how models are built,
be given
should
student
the
If possible,
how models are practically applied.
model.
simple
a
the experience of modifying an existing model or developing
Above all, the student should gain an appreciation of how models are to be
used, taking into account their limitations. Currently, few universities have
A positive example is a course
included such courses in their curriculum.
offered through McMaster University, which is taught by experienced modelers
In time, students of such
from Canada's National Water Research Institute.
courses will have the training necessary to assume the role of demonstrating
and explaining operational models, so that model developers can spend more
time at improving or developing new models.

MAINTENANCE AND REVISIONS
Maintaining models, particularly those using computer programs that
require mainframe computers, is no trivial matter, especially if a model is
to remain operational as opposed to being archived. Basically, it requires
long term funding to ensure that models will not be lost or become unuseable.
Recent budget problems in both the United States and Canada have highlighted
Even models that are well documented
the need for long term commitments.
If budget cuts force the abandonment
could be lost if they are not maintained.
of programs to maintain large, mainframe computer models (such as some of the
complex ecosystem models), the cost to activate the model years later would
Further, expertise developed
likely far exceed the cost of model maintenance.
Obviously not all models
is often irrevocably lost during a funding hiatus.
warrant continued maintenance, but those that do should not be neglected.

27

In addition to being maintained, models should be continuously revised.
The state-of the art of modeling is being constantly enhanced by new and less
expensive computer technology. Output can now be displayed more efficiently
'using computer graphics, and model set up can be improved by new sophisticated
As models are revised it is especially important to keep
input techniques.
Generally,
the user community aware of changes, including new applications.
it is more cost effective to revise existing models than to build new ones as
additional technical information becomes available.
Along the lines of model revisions, linking different models together
For example, a hydro
a problem is becoming increasingly important.
solve
to
in turn might be
which
model,
chemical
a
with
linked
be
might
dynamic model
spill (see
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a
of
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the
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a
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The
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Certainly this approach
of
hence,
and,
complexity
of
level
increased
however, result in a greatly
It also poses computer storage problems, although new techniques
uncertainty.
for simplifying the integration approach may reduce this problem (Lam et a1.

l982).

..

.

EFT.

.

Although not a major problem in the past, duplication of conceptually
similar modeling efforts is discouraged. While there are some advantages to
having investigators build the same or similar models independently, the
scarcity of resources generally makes such an approach an unwarranted luxury.
One way to help avoid duplication of effort is to maintain and periodically
publish an updated inventory of Great Lakes models such as presented in
Such an inventory should provide enough information to alert
Appendix B.
research managers and granting agencies of possible duplication of effort.
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V The Future for Great Lakes Modeling

Several factors relating to management of the Great Lakes resources
indicate that models will assume an increasing role in the management
Among the factors that may be important are:
process.
l.

Management decisions are moving towards ecosystem concepts
and scales so that realization of the complex relationships
among increasing numbers of variables will eventually
inhibit intuitive judgment and decision making.

2.

A higher level of sophistication in the required decisions
will require judgments based on more precise and
quantitative understanding accompanied by measures of
uncertainty or numerical confidence limits.

3.

Increased data from longer periods of improved surveillance
will make possible development and validation of more

precise models, and as a corollary, models will be expected

to integrate the available, larger amounts of information.
4.

Models and modeling methodologies have made great advances,
thereby largely overcoming the negative responses that
developed initially from excessive optimism about their
usefulness.

5.

Dispersed computational capability through introduction of
micro computers will open model applications to a new
generation of managers familiar with such computers.

Several modeling areas which will likely be given careful consideration in
the immediate future are discussed below. These descriptions are not intended
to be inclusive of all issues expected to be encountered, but rather to give
an idea of the type of problems likely to require attention.

EUTROPHICATION
Future use of eutrophication models will be largely in a post audit mode,
since they have already been used for the actual planning of phosphorus
Lack of funding may delay post-auditing but this lack
management strategies.
should be short term and planning for post-audits should be undertaken now.
Further into the future, as the target loads are approached, more expensive
strategies such as nonpoint source controls will have to be considered if
existing controls prove inadequate. These strategies will dictate the

development of advanced resource optimalization modes.

Major deficiencies of

the existing eutrophication models have been identified (Simons and Lam, 1980)
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and future refinement of existing models will likely focus on a better
understanding of underlying processes, and correspondingly, more reliable
kinetic formulations. Nearshore water quality concerns such as the
Cladophora problem will continue to be challenging research topics for
modelers.

TOXIC SUBSTANCES
Modeling the behavior of xenobiotic chemicals is in its infancy compared
to eutrophication modeling. The primary utility of such models will be to
predict concentrations of substances in the various compartments of the
For
ecosystem (air, water, sediment, fish, etc.) over time and space.
question
the
regulated,
already
are
which
toxaphene
and
chemicals like PCBs
under
levels
acceptable
reach
fish
in
is "how long before concentrations
For other existing substances like heavy metals
various mitigative actions?
the question is what are the allowable loadings to maintain water quality
For new chemicals the question reverts to "what will the
standards?
concentrations be in various components of the ecosystem under alternative
conditions of manufacture and use?" Although frameworks and computer programs
exist for basic substances (See Appendix B) and have been applied in limited
ways, insufficient field data (1.9. loadings, ambient concentrations,
process rates) exist to adequately validate these models. Refinement of such
models should focus on improved descriptions of ecosystem compartment sizes
and processes as well as combining existing physical models with those
describing generalized chemical degradation and partitioning. Nevertheless,
even at present toxic models are capable of assisting research managers in
Undoubtedly,
identifying important parameters requiring precise determination.
future model development will be heavily oriented toward toxic substances.

WATER DIVERSION
The possibility of exporting Great Lakes water through diversion channels
Possible effects include
has become a significant environmental issue.
flows, changes in lake
hydraulic
of
retardation
decline of water levels,
alteration of coastlines.
and
times,
circulation, decrease in lake residence
Erie's Central Basin as
Lake
in
At stake is the increased frequency of anoxia
the hypolimnion becomes shallower, higher concentrations of contaminants as
lake volumes diminish, less hydroelectrical energy potential as connecting
channel flows lessen, and destruction of some biological communities as the
shoreline recedes. Many of these water quantity and quality issues, such as
where and how many diversions should take place (if at all), pose a new future
challenge to modelers.

ECOSYSTEH APPROACH
As expressed by the Science Advisory Board and reiterated many times by
the International Joint Commission, proper and effective management of the
Great Lakes requires an understanding of the total ecosystem, including the
diverse interactions that occur within its components.
These components
include an array of chemical, physical, biological and societal aspects.
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Although committed to such an approach, implementing it in a practical manner
Perhaps the only way that an ecosystem approach
continues to be difficult.
can be instituted is through mathematical models. Models are true system
tools in that they (1) integrate information to create new data that otherwise
would not be obtainable and (2) allow information to be developed very
In other words, models, being numerical
efficiently (e.g. with computers).
may offer the only real hope of
systems,
world
real
of
ations
represent
Modeling
among system components.
ionships
interrelat
myriad
the
describing
however.
approach,
ecosystem
the
ing
implement
to
answer
only
the
will not be
are
systems
most
in
ns
interactio
the
computing,
modern
of
Despite the power
to
have
s
assumption
g
Simplifyin
aspects.
all
of
modeling
allow
too complex to
use
e,
Furthermor
knowledge.
and
insight
scientific
sound
be made, requiring
of models will demand that decision makers be knowledgeable about the modeling
process. Models must be wisely used as tools (not as ends in themselves) to
assess the effects of policy options on Great Lakes systems. Nevertheless,
the development of new ecosystem models will likely receive considerable
attention in the future if the ecosystem approach, which strives to integrate
all aspects of man and his environment, is to be effectively implemented in
comprehensive management.
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TERMS OF REFERENCE FOR THE
MODELING TASK FORCE OF THE
GREAT LAKES SCIENCE ADVISORY BOARD

INTRODUCTION
Considerable effort has been devoted to developing predictive simulation
models for nutrients and toxicants in the Great Lakes. These mathematical
models provide scientists with tools which assist in obtaining a better
understanding of the physical, chemical and biological processes occurring in
They can also be used to estimate responses in the Great
the Great Lakes.
Lakes ecosystem to changes in pollutant loadings and other stresses on the
system. Modeling efforts provide a framework for organizing surveillance
activities and often identify information gaps.

The research and data collection necessary to develop, calibrate and
verify the various models are being carried out by many governmental agencies
and universities.
There is a need for better communication between those
working on the development of various models and related research and the
users of these models.
The Modeling Task Force will provide a focal point for the exchange of ,
information, data, and solutions to problems relating to modeling of the
Great Lakes.
The Task Force will also provide advice on requirements, the
state of the art of modeling, the confidence which can be placed in the models
in their present state of development, and data needs for improvement of these
models.

OBJECTIVES
T.

To provide an overview of Great Lakes models relevant to
ecosystem management, considering data requirements,
input/output variables, spatial and temporal applicability,
major assumptions, limitations, unique features and actual
applications.

2.

To evaluate the usefulness of models:
for planning surveillance activities; and

as management tools for Great Lakes ecosystem assessment.

3.

4.

To recommend quantitative measures for modelers to use in
verification efforts, with specific emphasis on
eutrophication and toxic substances models.

To identify Great Lakes modeling research needs, giving

initial priority to needs related to validation and
usefulness of models.
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5.

At the discretion of the Task Force and with the approval
of the Science Advisory Board, to organize a symposium or
workshop on Great Lakes modeling research and application.
This workshop will address the above research areas and may
include new areas uncovered by the Task Force.

MEMBERSHIP
The Task Force membership will consist of representatives from the
governments, universities and the private sector who will contribute one or
more of the following to the effort:
-

knowledge of mathematical modeling, including statistical,
deterministic and process modeling;

-

knowledge of the Great Lakes, especially of pollutant
loadings and in lake concentrations; andv

-

experience in the utilization of modeling results for
management purposes.

SCHEDULE
The Task Force will follow the schedule outlined below in order to

accomplish the above objectives:

First Meeting
May 1983
Progress Report to the Science Advisory Board
September l983
Symposium/Workshop - May 1984
Final Report to the Science Advisory Board - September 1984
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MEMBERSHIP OF THE
MODELING TASK FORCE
Dr. Val Smith
Department of Biology, 0l0A
University of North Carolina
Chapel Hill, North Carolina 275l4

Dr. William C. Sonzogni (Chairman)
State Laboratory of Hygiene and
Dept. of Civil and Environmental
Engineering (Water Chemistry Program)
University of Wisconsin
465 Henry Mall, Room 4ll
Madison, Wisconsin 53706

Dr. D.C.L. Lam
Environmental Simulation Section
Aquatic Physics and Systems Division
NWRI, Environment Canada

Dr. Donald Scavia
Great Lakes Environmental
Research Lab, NOAA
2300 Washtenaw Avenue
Ann Arbor, Michigan 48l04
Dr. Wilbert Lick
Dept. of Mechanical and
Environmental Engineering

University of California

Santa Barbara, California

P.O. Box 5050

Burlington, Ontario
Dr. W.M.J.

Santa Barbara
93l06

L7R 4A6

Strachan

National Water Research Institute
Canada Centre for Inland Waters
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APPENDIX 8
UPDATE 0F INVENTORY OF GREAT LAKES MATHEMATICAL MODELS

The foliowing inventory updates an inventory
prepared by Heidtke (1979) which is on file
at the Internationa] Joint Comission's Great
Lakes Regional Office. Models categorized in
the prior inventory are not Tisted here.
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WATER QUALITY MODELS
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Projections

Lake Ontario
Phosphorus Model

Phosphorus loads,
vertical mixing
coefficients, temperature,
solar radiation,
extinction coefficient

Epi and
hypolimnetic
TP and SRP
concentrations

Daily time
step
integration
to l0 20 yrs.

Phosphorus loads, dynamic
thermocline positions (from
l-D thermocline model), water
levels, areas and volumes of
basins as functions of depth,
hydraulics and winds, solar
radiation, temperature,
extinction coefficient

Epi , meso ,
and
hypolimnetic
concentrations
of TP, SRP,
DO

Daily time
step
integration
to lO 20 yrs.

DO
concentrations

Between data
cruise
intervals

Primary
production
rates,
SRP, TP
concentrations

Daily time
step
integration

T. J. Simons, and
D.C.L. Lam,
NWRI, CCIw,
Burlington, Ontario

Lake Erie P and DO
(2 and 3)
Model (9 box)
D.C.L. Lam,
w. M. Schertzer,
and A.S. Fraser,
NWRI, cc1w,
Burlington, Ontario

Time series data of DO, P,
Lake Erie Statistical
Dissolved Oxygen Model (4) temperature, water levels
from monitoring programs
A. H. El Shaarawi,
NWRI, CCIw,
Burlington, Ontario
Lake Superior Primary
Production Model
D.C.L. Lam, and
E. Halfon,

Phosphorus loads,
transports, temperatures,
solar radiation

NWRI, CCIW,

Burlington, Ontario
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Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

2 vertical

Calibrated: l972 data.

Several uptake and regeneration formulas

have been used and all resulted in good

layers

Verified: l973 77 data.

Has been applied to l978 83
Lake Ontario s data by
Inland Waters Directorate
Surveillance and Monitoring
personnel.

comparisons with phosphorus data, indicating uncertainties in the model structure.
Periodic boundary conditions are preferred
during calibration to avoid magnification
of biases in subsequent long term
Tested in l box and 3-0
simulation.
modes. Available in operational code and
for interactive computer facilities.

3 horizontal
segments
(basins) 3
vertical layers
(epi-, meso-,
hypolimnion),
1.9. 9 box
model with the
interfaces
of layers
changing
daily with
thermocline
positions and
water levels

Calibrated: 1978 cc1w data.
Verified: 1967 77 cc1w
data, 1979-80 cc1w, CLEAR
data, 1981-82 CLEAR data.
From these 16 years of
computations and data,
the dissolved oxygen
concentration is presented
as a series of curves
responding to different
weather influences, water
levels, and nutrient
loadings.

Dissolved oxygen deficiency in Central
Basin hypolimnion is strongly linked to
weather patterns and weakly linked to
The model
phosphorus load reduction.
within
eity
homogen
tal
horizon
assumes
l
vertica
movable
The
basin.
each
this
in
s
feature
unique
are
ces
interfa
on and
diffusi
l
physica
the
whereby
model,
to
ely
separat
ed
simulat
are
entrainment
on
ces
influen
weather
the
account for
the formation of anoxia.

At sampling
stations

Time series stochastic
models correlating data

Probability curves showing possible DO
concentrations for given values of
temperature, SRP concentration and water
levels. Times series are designed for
time intervals between cruises.

of DC with data of

temperature, SRP, water
levels for l965 l980.

3 Dimensional
over 235
horizontal
segments,
vertical
temperature
profiles for
vertical
resolution
(4 vertical
layers)

2 compartment phosphorus model with
capability to investigate nearshore
The nearshore effects are the
problems.
combination of lake hydrodynamics,
particularly the general anticlockwise
circulation, and phosphorus loading

Calibrated: 1973 data.

sources.
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WATER QUALITY MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Output Variables

Projections

Simons' 3 Dimentional
Water Quality Model
(Lake Ontario)

Nutrient loadings, lake
hydrodynamics and transports,
solar radiation, horizontal
and vertical mixing
coefficients

Nurtrient
concentrations,
phytoplankton,
zooplankton

Daily time
step
integration
to 1 yr.

Morphometry, hydraulics,
nutrient loadings, including
immediately available and
ultimately available P,
biochemical kinetics,
temperature, solar
radiation, and wind

Phytoplankton,
algal available
P, autochthonus
P, and
available
and unavailable
allochthonus P

Daily time
step
integration

Morphometry, hydraulics,
nutrient concentrations and
loadings, biochemical
kinetics, incident light,
and temperature

Phytoplankton
zooplankton,
SRP, and TP

Daily time
step
integration

T. J. Simons,
NWRI, CCIW,

Burlington, Ontario

Lake Erie Model
(LEM3)
(7)
D. K. Salisbury,
J. V. DePinto, and
T. C. Young,
Clarkson University

Lake Michigan
(MICHI) Model

(8)

P. w. Rodgers,
DePaul University;
D. K. Salisbury,
U.S.

EPA,

Grosse Ile, Michigan
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Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

3 Dimentional
21 horizontal

data.

Calibrated: 1972 (IFYGL)

Three ecological models (Thomann's Lake 1
Model, Scavia's NOAA Model, and Simons
and Lam's Phosphorus Model) have been
used as the ecological component in this
model.
In all cases, the 3-D approach
does not improve over the l box
whole lake approach, if the lakewide
concentration is the target of
simulation.
However, if the nearshore
effects are to be examined, this 3 D
model gives better results for phosphorus
compartments in all three cases than
those in the nitrate and ammonia.

LEM3 is a modified version
of LAKEl (DiToro and
Connolly, l980).
was not re calibrated.
Verification to l970 (CCIw
and U.S. EPA) and l975
(CLEAR and GLL) data.
Present application:
modified phosphorus dynamics
are being used for evaluation
of nonpoint source P
management scenarios.

LEM3 offers separate representation of
allochthonus and autochthonus particulate
phosphorus kinetics and transport.
Available in operational FORTRAN 77 code.

Calibration: 1976 (U.S. EPA
and University of
Michigan) data.
Application: 1977 data,
analysis of the effect of
ice cover on phosphorus
transport and assessment of
IJC loading recommendations.

Does not model near shore responses.
Represents phosphorus recycle resulting
from phytoplankton decompositon and
zooplankton feeding. Available in
operational FORTRAN code.

Spatial

segments,

each with
4 vertical
layers

2 Dimensional,
10 box model:
laterally
mixed,
includes
interstitial
water:

sediment
segments

2 Dimensional

4 box model:

laterally
mixed,
2 horizontal
and 2 vertical
segments

WATER QUALITY MODELS (Continued)
Model and Principal

Principal Out

Input Data

Investigator

Requirements

put Variables

Projections

Lake Huron Cladophora
(9 and l0)
Model

Morphometry, hydraulics,
nutrient loadings,
biochemical kinetics, wind,
temperature, and light

Cladophora
biomass

Daily time
step
integration

Summer average chlorophyll a
concentrations

Water
transparency
(Secchi Disk)

In-lake chloride
concentrations, lake volume,
chloride loads, and flow

Chloride
concentrations
for each Great
Lake basin

Mean lake depth, lake surface
area, and annual phosphorus
loading

Permissable
and dangerous
phosphorus
loading rates
and trophic

R. P. Canale,
University of Michigan;
M. T. Auer,
Michigan Technological
University,
Houghton, Michigan

Muskegon, Mona and
white Lakes Empirical
Chlorophyll a Model
(ll)
J. K. Marr,
Limno Tech, Inc.,
Ann Arbor, Michigan

Great Lakes Chloride
(12)
Model
w. C. Sonzogni, NOAA;
w. Richardson, U.S. EPA;
P. w. Rodgers,
DePaul University; and
T. J. Monteith,
T and B Computing
Muskegon, Mona and White
Lake Empirical Loading
(13)
Model
J. K. Marr,
Limno«Tech, Inc.,
Ann Arbor, Michigan

status
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Time variable
and steady
state
response
times

Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

2-Dimensional
28 box model
vertically
mixed, near
shore segments

Calibration: l979 nearshore
Lake Huron data collected
near Harbor Beach, Michigan.
Verification: l980 data
collected at the same site
after 85% P loading
reduction from the Harbor
Beach, Michigan wastewater
treatment plant and
resultant Cladophora
reductions.

This model was designed to predict the
spatial and temporal distribution of
Cladophora in the nearshore zone near
point source nutrient discharge.
The model can be used to evaluate the
impact of management strategies on
Cladophora growth.

Application: explanation

of water transparency

insensitivity to reductions
in chlorophyll a
concentrations resulting
from wastewater diversion.

Whole lake

Previous calibration by
O Connor and Meuller (l970).
Application: prediction of
chloride concentrations for
current, stabilized loadings.

Application: prediction
of trophic status change

resulting from reduction

in phosphorus loading by
wastewater diversion via
land treatment.
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Inexpensive desk top model, very useful to
resource managers for modeling
conservative substances. Article includes
updated chloride loading estimates.

WATER QUALITY MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Projections

Muskegon Lake Empirical
P Concentration
Model
(l3)

Spring total phosphorus
concentrations

Chlorophyll a
concentrations

Summer
average

Morphometry, hydraulics, BOD
loadings, temperature, and
biochemical kinetics

Dissolved
oxygen and
biochemical
oxygen demand

Time variable

Morphometry, hydraulics,
parameter loading,
biochemical kinetics, and
temperature

Fecal coliform
(log#/l00 ml)
and ammonia,
phosphorus, and
heavy metal
concentrations

Time variable

Morphometry, hydraulics, BOD
loadings, temperature, and
biochemical kinetics

Dissolved
oxygen and
biochemical
oxygen
demand

Steady state

Limno-Tech, Inc.,
Ann Arbor, Michigan

Maumee River Dissolved
(14)
Oxygen Model
P. L. Freedman and
J. D. Sherrill,
Limno Tech, Inc.,
Ann Arbor, Michigan

Maumee River Fecal
Coliform Model
(14)
P.

L.

Freedman and

J. D. Sherrill,
Limno-Tech, Inc.,
Ann Arbor, Michigan

Black Creek (Ohio) and
Lorain Harbor Dissolved
(l5)
Oxygen WLA Model
R. P. Canale and
P. L. Freedman,
Limno Tech, Inc.,
Ann Arbor, Michigan
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Spatial
Dimensionality

l Dimensional

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

Application: evaluated the
effect of waste diversion
and land treatment for
Muskegon Lake, Michigan.

This model is a convenient lake management
tool which requires limited water quality
data and provides an estimation of
expected summer in lake conditions on
which to base management decisions for
phosphorus control.

Calibration and verification
to background conditions data
from 7/1/1981, 1/13/1981,
and 8/14/81 and to
storm data from 7/27 30/1981
and 9/16 18/1981.
Application: used with two
other interactive models for
the evaluation of numerous
CSO control alternatives
including combined sewer
separation and central swirl

Based on Thomann (1972) model, this model
is appropriate for analyzing water quality
impacts of C80 impulse impacts on back
ground conditions.

treatment.

Completely
mixed flow

Calibration and verification
to storm data from
7/21 30/1981 to 9/16 18/1981.
Application: used with two
other interactive models for
the evaluation of numerous
CSO control alternatives
including combined sewer
separation and central swirl
treatment.

Applicable only to zero- and first order
reaction kinetics in intermixed overflow
and upstream sources.

l Dimensional
stream model
and
2 Dimensional
bay model

Application: the model was
used to determine treated
industrial wastewater
limitations (NPDES) required
to protect water quality.

This model is based on the AUTOQUAL water
quality model. The model was refined to
include dispersion. The model framework
includes Black River, Lorain Harbor and a
portion of Lake Erie.

reactor

Sl

WATER QUALITY MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Projections

Oneida, Seneca, and
Oswego Rivers Dissolved
Oxygen Model
(l6)

Morphometry, hydraulics, BOD
loadings, temperature, and
biochemical kinetics

Dissolved

Steady state

Phosphorus loads, cost data

Cost of control
programs

Costs of
alternative
strategies

Morphometry, hydraulics,
nutrient loadings, biochemical
kinetics, wind, temperature,
and light

Concentrations
of chlorophyll,
zooplankton,

Time variable

Phosphorus loadings, apparent
phosphorus settling velocity,
morphometry, hydraulics

Total
phosphorus
concentrations

Steady state

Limno Tech, Inc.,
Ann Arbor, Michigan

Optimal Cost Control
Strategies for Attached
Algae (l7)

oxygen, CBOO,
N800, and

chloride
concentrations

R. P. Canale,
M. T. Auer,
Y. Matsuoka,
T. M. Heidtke, and
S. J. Wright,
University of Michigan

Rochester Embayment
and Saginaw Bay
Phytoplankton Model

(18)

and nutrients

J. T. Kuo, and
R. V. Thomann,
Manhattan College
Lake Ontario Phosphorus
Model
(19)
R. H. Montgomery,
V. D. Lee, and
K. H. Reckhow,
Michigan State
University
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Spatial
Dimensionality

Calibration/

Major Assumptions/
Limitations/Unique Features

l Dimensional

Calibration: September l975
(O'Brien and Gere Eng.)
data.

The AUTOOUAL model framework was used,
however, this one dimensional, steady
state framework does not adequately
represent the observed Spatial and
temporal variations in water quality
concentrations for these Lakes Ontario
tributaries.

Verification/Application

Calibrated and verified at

a site on Lake Huron.

2-Dimensional

Applied to Rochester
embayment during non
stratified season, and
to Saginaw Bay throughout
the year.

Demonstrates the utility and advantage of
using a detailed lake circulation model in
eutrophication analysis.

Whole lake

First order error analysis
and Monte Carlo simulation
analysis were applied to a
mass balance phosphorus
model for Lake Ontario.

Guidelines are suggested for the use of
first order and Monte Carlo methods of
error analysis in water quality modeling.

vertically
mixed,
horizontal
segmentation
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WATER QUALITY MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Projections

Steady State Lakes in
Series Model for Great
Lakes (SLIS)
(20)

Loads of chemicals of

Concentrations
of chemicals
of interest

Annual with
indefinite
projection

Loads, boundary conditions,
initial conditions, transport
parameters, kinetic rates,
segment parameters

Concentrations

Time step

for state

variables

user

specified

Nutrient loads, initial and
boundary conditions,
morphometry, temperature
transport parameters,
kinetic rates

Biomass for
5 classes of
phytoplankton
and
zooplankton,
nutrient
concentrations

Daily to
decades time
variable

Epilimnetic

May Sept.
averages

interest

w. L. Richardson, and
D. M. Dolan,
U.S. EPA,
Grossse Ile, Michigan
Water Analysis
Simulation Program
WASP (2l)
0. M. DiToro,
J. J. Fitzpatrick, and
R.

V. Thomann,

Manhattan College
Saginaw Bay 5 Phytoplankton Class
Model
(22)
V.

J.

Bierman, Jr.

U.S. EPA,
Narragansett, Rhode Island
D. M. Dolan,
U.S. EPA,
Grosse Ile, Michigan
Lake Erie Phosphorus
Chlorophyll Model
(23)
T. G. Brydges,
Ontario Ministry of
the Environment

Epilimnetic TP

chlorophyll a

Spatial

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

Each lake

Applied to chloride and
sodium.

Each lake is completing mixed over annual
time from first order reaction rates for

l, 2 or
3 Dimentional
user
determined

Used for a variety of water
quality modeling problems
from chloride, phytoplankton
to toxic substances.

WASP is a generalized computer program
which can be applied to site-specific
Can be used as a
water quality problems.
new theories, or
develop
to
tool
research
given existing kinetic subroutines (WASPB)
can be applied to given problems.

2 Dimensional

Calibration to l974 76 data
on Saginaw Bay -

Average concentration in homogenous

verification on l980 data.

groups.

Developed from 97 stations
throughout the lake.

Empirical model.

Dimensionality

considered as
a completely

non-conservative substances.

mixed reactor

Individual
lake stations
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segments.

Phytoplankton split in 5

WATER QUALITY MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Smith Photosynthesis
Model
(24)

TP loadings, lake mean depth,
flushing rate, epilimnetic
TP, TN

Epilimnetic
volumetric
rates of
photosynthesis

Summer
average
daily rates

Epilimnetic TP, TN

Epilimnetic
chlorophyll

Summer
average

TP loading, lake mean depth,
volume, flushing rate,
coefficients for algal growth,
mineralization, and sinking,
rates of photosynthesis

TP
concentrations,
algal P
concentrations,
dissolved P,
chlorophyll

Daily

Epilimnetic TP

Epilimnetic
total algal
cell volume

Summer
average

TP loadings, hydraulic inputs,
bay mean depth, volume

Critical TP
loading rates

Long term
average

TP loadings, lake mean depth,
flushing rate

TP
concentrations

Long term
average

V. H. Smith,
McGill University
Smith Nitrogen-Phosphorus
Chlorophyll Model
(25)

Projections

V. H. Smith,
McGill University
Schnoor and O'Connor
Phosphorus Loading
Model
(26)
J. L. Schnoor,
University of Iowa;
D. J. O'Connor,
Manhattan College
Kalff and Knoechel
Phosphorus Algal
Biomass Model
(27)
J. Kalff,
McGill University;
R. Knoechel,
St. John's University
Chapra Embayment P
Model
(28)
5. C. Chapra,
Texas A&M University
Modified Chapra P
Loading Model
(29)
5. C.

Texas

Chapra,

A&M University
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Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/

Whole lake

Developed from 58 north
temperate lakes.

Empirical model, use only if summer TNrTP
ratio >13 by weight.

Whole lake or

Developed from 228 northern

Empirical multivariate model.

Whole lake

Calibration for Lake Lyndon
B. Johnson, Texas; applied
to Lake Ontario.

The authors claim that this model has
relative advantages over the Vollenweider
and Dillon and Rigler approaches.

Whole lake

Developed from 28 northern
latitude lakes.

Empirical model.

Embayments

Developed for Saginaw Bay,
Lake Huron.

Demonstrates the importance of turbulent
transport in embayment models.

Whole lake

Applied to 3 basins of
Lake Erie.

Accounts for the fraction of P loading
which does not influence lake water
quality.

individual
basins

and individual

basins

latitude lakes.
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Limitations/Unique Features

WATER QUALITY MODELS (Continued)
Model and Principal
Investigator
U.S. OECD P Loading

Model

(30)

Input Data
Requirements
TP loading,

lake mean depth,

hydraulic residence time

R. A. Jones, and
G. F. Lee,
Texas Technological
University;
w. Rast,
USGS,
Sacramento, California
Canfield and Bachmann

Loading Model for

Natural Lakes

(3i)

TP loading,

lake mean depth,

Principal Output Variables
TP

concentrations,

chlorophyll,
Secchi depth,
hypolimnetic
oxygen deficit

TP

Projections
Long term

average

Long term

flushing rate

concentrations

average

Areal water loading rate

Phosphorus
retention,
internal P
loading rate

Annual
average

N loading, lake mean depth,
flushing rate

TN
concentrations

Long term
average

TP concentrations, lake
surface area, maximum depth

Zooplankton
and profundal
macrobenthos
biomass

Annual
average

D. E. Canfield, Jr.,
University of Florida;
R. w. Bachmann,
Iowa State University
Nurnberg P Retention
Models (32)
G. K. Nurnberg,
McGill University
Bachmann Total N
Model
(33)
R. w. Bachmann,
Iowa State University
Hanson and Peters
Zooplankton and
Profundal Macrobenthos
Biomass Models
(34)
J. M. Hanson, and
R. H. Peters,
McGill University
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Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

Whole lake

Developed from U.S. lakes
and reservoirs; applied to

Empirical model.

Lakes Huron,

Ontario,

Erie,

Michigan, and Superior; also
Lake Mjosa, Norway.

Whole lake

Developed from 704 natural
lakes in National
Eutrophication Survey.

Empirical model.

Whole lake

Developed from North
American and European lakes.

Empirical model, can be used to predict P
concentration in lakes having significant
release of P from anaerobic sediments.

Whole lake

Developed from 248 National
Eutrophication Survey lakes.

Empirical model.

Whole lake

Developed from 80 lakes
worldwide.

Empirical model, restricted to lakes
with pH >5.5.
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WATER QUALITY MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Dut
put Variables

Cornett and Rigler
Hypolimnetic Oxygen
(35)
Deficit Model

Annual P retention rate,
hypolimnion thickness and
temperature

Areal
hypolimnetic,
oxygen deficit

Summer
average

TP concentrations, annual
pelagic primary productivity,
hypolimnion thickness and
temperature

Areal
hypolimnetic,
oxygen deficit

Sumnmer
average

Chlorophyll concentrations,
TP concentrations

Acridine orange
direct count
estimate of
bacterial
numbers

Summer
average

TP loading, lake mean depth,
flushing rate

Areal
hypolimnetic
oxygen deficit

Summer
average

Projections

R. J. Cornett,

Chalk River Nuclear
Laboratories, Ontario;
F. H. Rigler,
University of Toronto

Modified Cornett and
Rigler Hypolimnetic
Oxygen Deficit Model
(36)
R. J. Cornett,
Chalk River Nuclear
Laboratories, Ontario;
F. H. Rigler,
University of Toronto

Bird and Kalff Bacterial
(37)
Abundance Model
D. F. Bird, and
J. Kalff,
McGill University

Welch and Perkins
Hypolimnetic nygen
Deficit Model
(38)
E. B. Nelch, and
M. A. Perkins,
University of Washington
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Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

Whole lake

Developed from north
latitude lakes.

Empirical model.

Whole lake

Developed from north
latitude lakes.

Empirical model.

Whole lake

Developed from north
latitude lakes.

Empirical model.

Whole lake

Developed from north
latitude lakes.

Empirical model.
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WATER QUALITY MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Charlton Hypolimnetic
Oxygen Deficit Model
v
(39)

Epilimnetic chlorophyll
concentrations, hypolimnetic
thickness and temperature

Areal
hypolimnetic
oxygen deficit

Summer
average

Annual average chlorophyll,
annual primary production,
lake mean depth, euphotic
depth, maximum depth, volumes
of epilimnion and hypolimnion,
vertical extinction
coefficients for light

Volumetric
rates
of hypolimnetic
oxygen
depletion

Summer
average

Varied

Varied

Annual
average,
summer

Projections

M. N. Charlton,
NWRI, cc1w,
Burlington, Ontario

Vollenweider and Janus
Hypolimnetic Oxygen
(40)
Depletion Models
R. A. Vollenweider, and
L. L. Janus,
NNRI, cc1w,
Burlington, Ontario

OECD Eutrophication
Programme Synthesis
Report (4l)

average

R. A. Vollenweider,
NNRI, cc1w,
Burlington, Ontario;
J. J. Kerekes,
Dalhousie University

Reckow and Simpson
Blue Green Algal Model
(42)

Influent TP concentrations,
median summer total inorganic
N concentrations, lake
hydraulic residence time

Probability of
blue~green
algal dominance

Summer
conditions

Epilimnetic TN, TP

Proportion of
blue green
algae in total
summer algal
biomass

Summer
average

K. H. Reckhow,
Duke University;
J. T. Simpson,
Michigan State University

Smith Blue Green Algal
(43 and 44)
Model
V. H. Smith,
McGill University
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Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

Whole lake
or individual
basins

Developed from 6 Laurentian

Empirical model.

Whole lake
or individual
basins

Developed from OECD study
lakes, including data from
6 Laurentian Great Lakes.

Empirical models.

Typically

Developed from a diverse set
of northern latitude lakes

Empirical models.

whole lake

Whole lake

Great Lakes and 19 other

North American lakes.

and reservoirs.

Developed from lakes in the
National Eutrophication
Survey.

Whole lake or
individual
basins

Uses discriminant analysis to determine
the probability of blue green algal
dominance in high alkalinity lakes.

(>56 mg/L Cacoa).

Threshold model, predicts that blue-green
algae will be rare when summer TNzTP ratio
>ca. 29 by weight.

Developed from 17 lakes
worldwide.

63

REFERENCES (WATER QUALITY MODELS)
1.

1980. Some limitations of water qua1ity
Simons, T. J., and D.C.L. Lam.
of Lake Ontario. Wat. Resources
study
mode1s for 1arge 1akes: A case
Res. 16:105 116.
Simu1ation of Lake
Lam, D.C.L., w. M. Schertzer, and A. S. Fraser. 1983.
In1and
variations.
Erie water qua1ity response to Toading and weather
Ottawa.
134,
Waters Directorate Scientific Series No.
Lam, D.C.L., N.

M. Schertzer,

and A. S. Fraser.

mode1s of phosphorus in sediments and water.
91 92:217 225.

1982.

Mass ba1ance

J. Hydrobio1ogia

E1 Shaarawi, A. H. 1984. Statistica1 Assessment of the Great Lakes
IND Scientific Series, 136,
Survei11ance Program, 1966 81, Lake Erie.
Ottawa.

1978. Mode1 of primary production, inc1uding
Lam, D.C.L., and E. Haifon.
J. App. Math. Mode1ing 2 30-40.
Superior.
Lake
in
circu1ation inf1uences,
1979. Assessment of water qua1ity simu1ation
Simons, T. J. (ed.).
IND Scientific Series, No. 111, Ottawa.
Ontario.
capabi1ity for Lake
Impact of
984.
Sa1isbury, O. K., J. V. DePinto, and T. C. Young.
1
Mathematica
qua1ity:
water
Erie
Lake
a1ga1-avai1ab1e phosphorus on
Minnesota,
Du1uth,
Laboratory,
U.S. Environmenta1 Research
mode1ing.
EPA 600-3/84 027.
Rodgers, P. w., and D. K. Sa1isbury. 1981. Water qua1ity modeTing of Lake
J.
Michigan and consideration of the anoma1ous ice cover of 1976 1977.
Great Lakes Res. 7(4):467-480.
EcoTogica1 studies and mathematica1
1982.
Cana1e, R. P., and M. T. Auer.
mode1ing of Cladophora in Lake Michigan: 5. Mode1 deve1opment and
J. Great Lakes Res. 8(1) 112 125.
ca1ibration.

Eco1ogica1 studies and mathematica1
1982.
Mode1 verification and system
7.
Huron:
Lake
in
Cladophora
of
mode1ing
response.
J. Great Lakes Res. 8(1):134-143.

10. Cana1e, R. P., and M. T. Auer.

A phytopiankton-based
1976.
Processes in
Biochemica1
Mode1ing
in:
Michigan,
food web mode1 for Lake
Arbor,
Ann
Science,
Arbor
Ann
(ed.),
Cana1e
P.
Aquatic Ecosystems, R.
.
Michigan.

11. Cana1e, R. P., L. M. DePa1ma, and A. H. Voge1.

12. Sonzogni, w. C., w. Richardson, P. w. Rodgers, and T. J. Monteith.
Ch1oride p011ution of the Great Lakes.
55(5):513 521.

64

J. Water P011. Contro1 Fed.

1983.

The Effect of Nastewater Land Treatment on
January 1982.
Eutrophication in Muskegon County Lakes. Report prepared for Michigan
Department of Natural Resources and Great Lakes National Program Office,
Region V, U.S. Environmental Protection Agency.

13. Limno-Tech, Inc.

Evaluation of need and best means for combined
July 1982.
sewer overflow control for the cities of Perrysburg and Maumee. Report

14. Limno Tech, Inc.

prepared for Finkbeiner, Pettis & Strout, Ltd., Toledo, Ohio.

October 1975. Critique of Black River dissolved oxygen
Report prepared for U.S. Steel Corp., Lorain, Ohio.
Steel.
U.S.
for
analysis

15. Limno Tech, Inc.

Water quality evaluations and models of the
April 1976.
Report prepared for O'Brien
Phase I.
Rivers:
Dswego
Oneida, Seneca, and
New York State
Central
the
and
York
New
& Gere Engineers, Syracuse,
Regional Planning Commission.

16. Limno Tech, Inc.

17. Canale, R. P., M. T. Auer, Y. Matsuoka, T. M. Heidtke, and S. J. Wright.
1983.

Optimal cost control strategies for attached algae.

J. Environ.

Eng. 109:1225 1242.

Phytoplankton modeling in the
1983.
J. Environ. Eng. Div. (ASCE) 109:1311 1332.

18. Kuo, J. T., and R. V. Thomann.
embayments of lakes.

19. Montgomery, R. H., V. D. Lee, and K. H. Reckhow.
variability in a Lake Ontario phosphorus model.

Predicting
1983.
J. Great Lakes Res.

9:74-82.

20. Guerra, 8., K. McGunagle, D. Klemans, A. Yui, w. L. Richardson, and

Documentation for five lakes reactor model (FLRM).
1985.
D. M. Dolan.
9311 Groh Road, Grosse Ile, Michigan 48138.
Station,
Large Lakes Research
In review.

Documentation for
Verification
Model
and
(WASP)
Program
on
Simulati
Water Quality Analysis
81 044.
600/3
EPA
Agency,
n
Protectio
ntal
Program (MVP), U.S. Environme

21. DiToro, D. M., J. J. Fitzpatrick, and R. V. Thomann.

1984. Modeling of phytoplankton
Calibration and prediction
1.
dynamics in Saginaw Bay, Lake Huron:
Environmental Research
Agency,
U.S. Environmental Protection
phases.
02882 and U.S.
RI
Laboratory, South Ferry Road, Narragansett,
Station, 9311 Groh
Research
Environmental Protection Agency, Large Lakes
of the
Journal
the
Paper submitted to
Road, Grosse Ile, MI 48138.
Environmental Engineering Division, ASCE.

22. Bierman, V. J., Jr., and D. M. Dolan.

1971. chlorophyll a total phosphorus relationships in
Proc. Int. Assoc. Great Lakes Res. 14:185 190.

23. Brydges, T. G.
Lake Erie.

1979. Nutrient dependence of primary productivity in
Limnol. Oceanogr. 24:1051 1064.

24. Smith, V. H.
lakes.

65

,

25. Smith, V. H.

1982. The nitrogen and phosphorus dependence of algal
Limnol.
biomass in lakes: An empirical and theoretical analysis.
Oceanogr. 27:1101 1112.

26. Schnoor, J. L., and D. J. O'Connor.
model for lakes.

1980.

Water Res. 14:1651-1665.

A steady state eutrophication

Phytoplankton and their dynamics in
1978.
Ann.
Rev. Ecol. Syst. 9:475 495.
oligotrophic and eutrophic lakes.

27. Kalff, J., and R. Knoechel.
28. Chapra, S. C.

1979. Applying phosphorus loadings models to embayments.
Limnol. Oceanogr. 24:163 168.

29

Chapra, S. C. 1982. A budget model accounting for the positional
availability of phosphorus in lakes. Water Res. 16:205 209.

30. Jones, R. A., and G. F. Lee.

1980. Application of U.S. OECD
eutrophication study results to deep lakes.
Progr. Water Technol.
12:81-88.
Lee, G. F., N. Rast, and R. A. Jones.
1978.
Eutrophication of
water bodies:
Insights for an age-old problem.
Environ. Sci. Technol.
12:900 908.

31. Canfield, D. E., Jr., and R. w. Bachmann.

1981.
Prediction of total
phosphorus concentrations, chlorophyll a, and Secchi depths in natural
and artifical lakes.
Can. J. Fish Aquat. Sci. 38:414 423.

32. Nurnberg, G. K.

1984. The prediction of internal phosphorus load in
Limnol. Oceanogr. 29:111 124.
lakes with anoxic hypolimnia.

33. Bachmann, R. w.

1981. Prediction of total nitrogen in lakes and reservoirs,
in: Restoration of lakes and inland waters. U.S. Environmental Protection
Agency, EPA 440/5 81 010, pp. 320 324.

34. Hanson, J. M., and R. H. Peters.

1984.
Empirical prediction of
crustacean zooplankton biomass and profundal macrobenthos biomass in
lakes.
Can. J. Fish Aquat. Sci. 41:439 445.

35. Cornett, R. J., and F. H. Rigler.

1979.
Hypolimnetic oxygen deficits:
Their prediction and interpretation. Science 205:580 581.

36. Cornett, R. J., and F. H. Rigler.

1980.
deficit: An empirical test of the model.

The areal hypolimnetic oxygen
Limnol. Oceanogr. 25:672 679.

37. Bird, 0. F., and J. Kalff.

1984.
Empirical relationship between
bacterial abundance and chlorophyll concentration in fresh and marine
waters.
Can. J. Fish Aquat. Sci. 41:1015 1023.

38. Nelch, E. 8., and M. A. Perkins.
relations in lakes.

1979. Oxygen deficit phosphorus loading
J. Water Pollut. Control Fed. 51:2823 2828.

39. Charlton, M. N.

1980. Hypolimnion oxygen consumption in lakes:
Discussion of productivity and morphometry effects. Can. J. Fish. Aquat.

Sci. 37:1531 1539.

66

40.

1982. Statistica1 mode1s for
Vo11enweider, R. A., and L. L. Janus.
Mem. Ist. Ita1.
rates.
dep1etion
oxygen
predicting hypoiimnetic
Idrobib1. 40:1 24.

41.

OECD eutrophication
V011enweider, R. A., and J. J Kerekes. 1981.
Paris, France.
t,
Secretaria
OECD
Synthesis report.
programme.

42.

An empiricai study of factors
1980.
Reckhow, K. H., and J. T. Simpson.
affecting b1ue green versus non b1ue~green aTga1 dominance in 1akes.
U.S. Nat. Tech. Inf. Serv. Pub1. PB 80 169311.

43.

1983a. The nitrogen and phosphorus dependence of
Smith, V. H.
Lake restoration, protection
b1ue green a1ga1 dominance in Takes, in:
U.S. Environmenta1 Protection Agency, EPA-440/5-83 001,
and management.
pp. 237 241.

44.

Low nitrogen to phosphorus ratios favor dominance
Smith, V. H. 1983b.
1ake phytopiankton. Science 221:669 671.
in
a1gae
green
by b1ue

67

CIRCULATION/TRANSPORT MODELS
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Lake Superior
Hydrodynamics and
Transport Model (T and 2)

Wind, wave, fetch,
thermocline depths,
bathymetry

Velocity field
pollutant
distribution

Daily

Hydrodynamic currents,
shoreline configuration

Pollutant
distribution
in the
far field of
coastal zone

Hourly or
less
(steady state
in the case
of plumes)

Solar heat fluxes,

extinction coefficients,
wind

Vertical

temperature
profile
averaged for
a lake basin
or water
column

Daily

Wind, morphometry, solar
radiation, initial and
boundary conditions

Current speed
and direction,
temperature/

Time variable
seconds-days

Projections

D.C.L. Lam, and
T. J. Simons,

NWRI, cc1w,

Burlington, Ontario

Coastal Zone
Transport and
Diffusion Model

(3)

D.C.L. Lam, C. R. Murthy,
and K. C. Miners,
NWRI, cc1w,
Burlington, Ontario

l Dimensional

Thermocline Model

(4)

D.L.C. Lam, and
w. M. Schertzer,
NWRI, CCIH,
Burlington, Ontario

General Hydrodynamics
GHM (5)
Model

J. P. Paul,

structure

U.S. EPA,
Narragansett, Rhode Island
General Transport
Model - GTM (6)

T

l

density

Current speed and direction
from GHM

J. P. Paul,

U.S. EPA,

Concentration
of selected
substances and
suspended

Seconds days

solids

Narragansett, Rhode Island
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l
l

Spatial

Calibration/

Major Assumptions/
Limitations/Unique Features

3 Dimensional

Calibrated and verified with
current meter and chloride
data from Lake Superior
in 1973.

For both fully mixed and stratified
seasons, thermal structures are not
predicted but must be input, wind stress
coefficient is based on nonlinear
interaction between wind and waves.

2 Dimensional

Calibrated and verified with
rhodamine B dye patch and

A hierachy of analytical, finite
difference and finite element models
whose complexity is chosen for
different coastal zone conditions and
assumptions such as steady state
plumes, Fickian diffusivity and
length scale diffusivity.

Dimensionality

Verification/Application

plume data obtained from
diffusion experiments in
Lakes Huron and Erie,

applied to the definition
of the limited use zone.

l Dimensional

Calibrated and verified with
l6 years of temperature data
from Central and Eastern
Basins of Lake Erie,
application to
eutrophication and anoxia
predictions.

3 Dimensional

3 Dimensional

_
l
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Finite element model (l D) using variable,
nonlinear vertical eddy diffusivity
based on Richardson's number, Brunt-Vasala
frequency and bottom turbulence, assumes
that temperature is homogeneous
horizontally through areal averaging in
the column.
Median percentile relative
error is 10% to l5% based on comparison
with 16 years of data.
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TOXIC SUBSTANCES MODELS
Model and Principal
Investigator

EXAMS

(l)

R. R. Burns,
G. L. Baughman, and
R. R. Lassiter,
U.S. EPA,
Athens, Georgia

Mirex Dynamics in
Lake Ontario (2)

E. Halfon,
NWRI, cc1w,
Burlington, Ontario

Persistence

(3)

Input Data
Requirements

Principal Out
put Variables

Physical chemical properties,
system parameters, and rate
constants

Rates,
environmental
descriptions
(abiotic and
biological)
including con
centrations,
overall
persistence

Output con
centrations
as a function
of time

Physical chemical properties,
rate constants, loadings,
sediment resuspension, flow,
volumes, suspended solids

Concentrations
in biota, fish
sediments

Output con
centrations
as a function
Un
of time.
certainty
analysis and
confidence
limits of
simulations.

Physical chemical properties,
rate constants

Concentrations
in compartments,
system
persistence

Output con
centrations
as a function
of time

Physical chemical properties
and rate constants for lake

Variable
time scale

J. R. Roberts, and
M. S. Mitchell,
NRC, Ottawa

D. MacKay,
University of Toronto

or river

Compartmental
masses,
concentrations,

Partitioning of
Synthetic Organic
Chemicals (5)

Physical chemical properties,
system parameters

Concentrations
and masses in

Fugacity

(4)

and half-lives

B. J. Eadie,
NOAA,

Ann Arbor, Michigan
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compartments

Projections

Spatial
Dimensionality

Calibration/Verification/
Application

Major Assumptions/
Limitations/Unique Features

Validated against large
stream ecosystems for l3
chemicals, used in Great
Lakes in modified form by
Halfon (l982) (2).

4 water and
4 sediment segments

Calibrated with mirex
concentrations in bottom
sediments of Lake Ontario.

Same as EXAMS.
No wind driven
circulation, no burial of
contaminants in bottom
sediments.
Uncertainty analysis revealed
the importance of resuspension
rates of bottom sediments in
predicting contaminants' fate.

Unvalidated.

l Dimensional

Partial validation with
laboratory microcosms.

Based on physical/chemical
principles.

Model has global
application.

Relatively simple, easy to
use model.
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TOXIC SUBSTANCES MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Output Variables

DDT Dynamics in
Lakes Michigan
and Superior (6)

DDT inputs, sediment
process rates

Annual
average
concentrations

Annual
time scale
of DDT in
compartments

Various lake parameters,
contaminant parameters,
and solids parameters

Contaminant
concentrations
in water
column,
sediment, pore
water and
suspended
solids

Year to-year
and
steady state
response of
water column
and sediments
to changes in
loads of
contaminants

Projections

V. J. Bierman, Jr.,
U.S.

EPA,

Narragansett, Rhode Island
Toxic Substances Model
for the Great Lakes
G. A. Lang and
S. C. Chapra,
NOAA,
Ann Arbor, Michigan

Lake Michigan PCB
Model
(8)
P. w. Rodgers,
DePaul University,
Chicago, Illinois

Lake Michigan PCB
Model
(9)
P. w. Rodgers, and
w. R. Swain,
U.S. EPA,
Grosse Ile, Michigan

PCB in water
Flow, volume of water column
column
and
and of sediments, sediment
sediments
surface area, PCB loads,
suspended solids concentration,
PCB kinetics derived from
solids mass balance, and
partition coefficients

Flow, volume, mean depth,
past PCB concentrations in
fish or other biota,
suspended solids
concentrations, PCB waterzfish
distribution coefficient, and
solids net loss rate
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Historic and
forecast
simulations of
PCB in whole
fish and water
column

Time variable
and steady
state
response
times

Annual time
scale

Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

Well mixed
lake

Developed simulation of
239Pu in Lake Michigan
as an example of model's
use.

Ignores within year variations, patterned
after simple mass balance models used for
phosphorus.

2 Dimensional,

Model coefficients were

The model was intended to be used for

column and one
sediment
segment

literature data and supported
by historical simulation of a
pollutant with similar solid
partitioning characteristics.
Application: analysis of
lake response to a range of
PCB loads and kinetic
assumptions.

response as scientific knowledge of PCB
loading, kinetics and transport improved.

Whole lake

Calibration: l972 l980.
Bloater Club PCB Residue
Concentration Data.
Application: historical mass
loading trend analysis and
forecast of PCB concentration

one water

calibrated to scientific

in water column and fish in

Lake Michigan for PCB loading
scenarios.
Comparisons with field
data averages.
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re evaluation of Lake Michigan system

Assumes historical PCB concentrations in
fish are proportional to concurrent PCB
concentrations in the water column.
Model
enables investigator to infer historic
loading and concentration trends from fish
data.

TOXIC SUBSTANCES MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Output Variables

PCB Fate Model for
Saginaw River and Bay

Flow, volume of water column
and of sediments, sediment
surface area, PCB loads, suspended solids concentrations,
PCB kinetics derived from
solids mass balance, partition
coefficients, fish2water
distribution coefficients, and
hydraulic retention time

Total PCB in
water column,
sediment layer
and fish

Annual time

Flow, volume of water column
and of sediments, sediment
surface area, PBB loads,
suspended solids concen
trations, PBB kinetics derived
from solids mass balance,
partition coefficients,
and hydraulic retention time

Total P83 in
water column
and sediment

Annual time

Morphometry, hydraulics, PCB
loadings, and PCB biological
degradation kinetics

PCB
concentrations
in the water
column and in
the sediments

Time variable

Particulate sorption
desorption, sediment-wateratmospheric interactions,
chemical and biochemical
decay

Toxic substance
concentrations,
response time
following
pollution
abatement

Annual time

Species bioenergetics
information

Transfer of
PCB through
food chain to
fish

Annual time
scale

(10)

Limno Tech, Inc.,
Ann Arbor, Michigan

PBB Fate Model for Pine
River and St. Louis
Reservoir (ll)
Limno-Tech, Inc.,
Ann Arbor, Michigan

Saginaw Bay PCB Model

(12)

M. L. Anderson, and
R. P. Canale,
University of Michigan
Physico Chemical Model
of Toxic Substances in
the Great Lakes
(l3)
R. V. Thomann, and
D. M. DiToro,
Manhattan College
Age Dependent Model of
PCB in Lake Michigan
Food Chain
(14)
R. V. Thomann, and
J. P. Connolly,
Manhattan College
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Projections

scale

scale

scale

scale

Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

2-Dimensional
10 box model:
four stream
one bay and
five sediment

Calibration: l965 l981
observed sediment, water
column and fish PCB data.
Application: forecasts of
the impacts of management
scenarios, including
mitigative dredging in
Saginaw River.

The model does not represent mechanistic
biological processes. The model is
applicable for long term sediment, water
column and fish responses to management
alternatives.

2-Dimensional
6 box model:
one reservoir,
two stream and
3 sediment

Calibration to very limited
water column (l9l4, 80 81)
and to limited sediment
(1974, 76, 77, ST) PBB data.
Application: forecasts of
water column and sediments
response to load elimination.

The model is applicable for long-term
sediment and water column responses to
management alternatives.

2 Dimensional

Application: analysis of the
biological degradation of
PCBs concerning the fate and
distribution of PCBs in water
bodies.

The model uses biological degradation of
PCBs in the sediments based on laboratory
and in situ decay rate studies of two
species of sediment bacteria. This mass
balance model uses laboratory PCB decay
rates.

Calibrated through comparison

Model assumes major mechanisms affecting
the chemical fate of toxic substances are
known and that all sorption desorption
reactions are instantaneous, linear, and
reversible.

Whole-lake or
lake basin completely
mixed systems

with 239Pu data,

applied to assess PCB,
cadmium, and benzo(a)pyrene
equilibrium with external
loads.

Assess the effect of reduced
PCB concentrations on
trout.

lake
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Phytoplankton assumed to be in dynamic
equilibrium with water column dissolved
PCB, one of the few models to deal with
relationship between fish and toxics.

TOXIC SUBSTANCES MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Output Variables

Model of PCB Mixtures
in Saginaw Bay (15)

Aroclor 1242 and l260 loads
and boundary conditions,
morphometry of system,
initial conditions, partition
coefficients for 3 solid
types in water column and
sediment volatilization for
each mixture, wind speed,
and deposition rates

Total PCB,
Aroclor 1242
and 1260,
chloride as
tracer.
Solids
fine sediment
clay
organic
concentrations
in each of
19 water and
sediment
segments

Time scale
from day to
decades

Loads, boundary conditions,
initial conditions, partition
coefficients, transformation
rates

Concentrations
of toxicants
in each of
selected
segments

Time scale
selected by
user

Exposure concentrations,
food chain structure and
biomass

Toxicant
concentrations
in biota
compartment,
results from
food chain or
direct exposure

Selected by
user - time
dependent

Loadings of chemicals and
solids, chemical transfer
rates and coefficients

Exposure
concentrations
in each of
several
segments

Time-scale is
user selected
from seconds
to decades

w. L. Richardson,
U.S. EPA,
Grosse Ile, Michigan

NASTOX
Part I
Physical Channel Model
Generalized Model
Program for Toxic
Substances
(l6)

Projections

J. P. Connolly, and
R. P. Winfield,
U.S. EPA,
Duluth, Minnesota, and
Grosse Ile, Michigan

WASTOX
Part II
Food Chain Model
(l7)
3. P. Connolly,
Manhattan College,
Bronx, New York

TOXINASP

(18)

R. B. Ambrose, Jr.,

U.S. EPA,

Athens, Georgia
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Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

2 Dimensional,
19 segments
5 water
l4 sediment

Calibration to l979 PCB,
solids, and chloride data.

Equilibrium kinetics resuspensions
calibrated to wind and solids data,
longevity of Aroclor l242, 1260,
and other PCBs.

l, 2 or
3-Dimensional

Applied to Lake Michigan
and all Great Lakes.

System can be represented by a number of
homogenous segments.
Equilibrium
kinetics.

3 Dimensional

Applied to Lake Michigan
and James Estuary.

Completely
mixed

University of Windsor
using on Lake St. Clair.

segments

l, 2 or

3-Dimensional

79

Completely mixed time and space averaged.

TOXIC SUBSTANCES MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Saginaw Bay Metals Model
(SBM)
(19)

Loads of solids and metals of
interest, partition
coefficients

Concentrations
of metals of
interest

Daily to
decades

Spill amount, ambient current,
half life decay constant

Tritium
concentration

Hourly

Physical chemical properties,

Concentrations

Output con

D. M. Dolan, and
V. J. Bierman, Jr.,

Projections

U.S. EPA,

Grosse Ile, Michigan
Tritium Spill Model
(20)
D.C.L. Lam,

NWRI, cc1w,

Burlington, Ontario
TOXFATE

(21)

E. Halfon,

NNRI, cc1w,
Burlington, Ontario

rate constants, loadings,
sediment resuspension, flow,

volumes, suspended solids

80

in biota, fish,
sediment

centrations
as a function

of time.
Uncertainty
analysis and
confidence
limits of
simulations.

Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

5 water
segments and
5 sediment
segments

Applied to Zn, Cu, Pb and
solids in Saginaw Bay.

Equilibrium kinetics for metals

2 Dimensional

Calibrated with Lake Ontario,
Pickering data.

Detailed current field generated by
objective analysis method. Radionuclides
travel with heated discharge from
nuclear power generating station.

4 water
segments and
4 sediment
segments

Calibrated with Niagara
River data.
Verified for 9
toxic contaminants in Lake

Model developed specifically for large
lakes.
Ignores within year variations.
The model is applicable for water and
biota responses to management
alternatives, it quantifies lake
self cleaning ability.

Ontario.

Validated by

blindly predicting the fate
of 4 chlorobenzenes in 1983
using l979 1983 loading
data from the Niagara River
to Lake Ontario and
concentration data collected
in Lake Ontario.

8l

solids.
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FISH MODELS
Model and Principal
Investigator

Input Data
Requirements

Principal Out
put Variables

Hanson and Leggetty
Fish Biomass and
Yield Models
(1)

TP concentrations, lake
mean depth, macrobenthos
standing crop

Fish yield,
fish standing
crop

Annual
average

Parameters related to food
consumption, respiration,
egestion, and excretion

Growth in
length or
weight of sea
lampreys,
patterns of
population
feeding and
growth

Seasonal
dynamics

Annual mean planting density
of lake trout

Number of lake
trout netted
per 3048m
(l0,000 ft)
of gill net

Annual
average

TP loading, lake mean depth,
hydraulic retention time

Fish yield

Annual
average

Benthic fauna standing crop

Maximum
sustainable
fish yield (all
species), also
highly valued
species alone

Annual
average

Projections

J. M. Hanson, and
N. C. Leggett,
McGill University
Sea Lamprey
Energetics Model

(2)

J. F. Kitchell,
University of Wisconsin

Lake Trout Model

(3)

A. H. Lawrie,
Ontario Ministry of
Natural Resources,
Maple, Ontario
Lee and Jones Fish
Yield Model
(4)
G. F. Lee, and
R. A. Jones,
Texas Technological
University
Matuszek Fish
Yield Models
(5)
J. E. Matuszek,
University of Toronto
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Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

Whole lake

Developed from 35 north
temperature lakes and ponds.

Empirical model.

Whole lake

Applied to Lake Ontario,
Northern Lake Huron, Lake
Michigan, and Lake Superior.

Simulation model, predicts food
consumption and impact of feeding on host
fishes by sea lamprey during the parasite
phase.

Whole lake

Developed from Lake Superior
spring fish assessment
nettings.

Empirical model, demonstrates the success
of lake trout planting as a means to
replenish stocks in Lake Superior.

Whole lake

Developed from l8 north
latitude lakes.

Empirical model.

Developed from ll North

Empirical model.

1

Whole lake

American lakes.

85

FISH MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Output Variables

Projections

Oglesby Fish Yield
Model
(6)

Summer mean chlorophyll a
concentrations

Annual average
fish yield

Annual
average

Total dissolved solids
concentrations, lake mean
depth

Fish yield
(all species)

Annual
average

R. T. Oglesby,
Cornell University
Morphoedaphic Index (7)
R. A. Ryder, Ministry
Natural Resources,
Thunder Bay, Ontario;
5. R. Kerr,
Maple, Ontario;
K. H. Loftus,
Toronto, Ontario;
H. A. Regier,
University of
Toronto

1

Walleye Population
Model
(8)
B. J. Shuter,
Ontario Ministry of
Natural Resources;
J. F. Koonce,
Case Western University
Morphoedaphic Index
P. J. Colby,
Ontario Ministry of
Natural Resources,
Thunder Bay, Ontario

(9)

Initial density and age
structure, spring rate of
temperature increase

Annual
commercial
catch (kg)

Yearly
dynamics of
walleye
populations

Total dissolved solids
concentrations, lake mean
depth

Fish yield

Annual
average
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l

Spatial
Dimensionality

Calibration/
Verification/Applicatio n

Major Assumptions/
Limitations/Unique Features

Whole lake

Developed from l9 lakes
worldwide.

Empirical model.

Whole lake

Developed from lakes
worldwide.

Single basin

Applied to Western Lake
Erie.

Empirical model, Lakes Erie and Ontario

are discussed.

Simulation model, based on empirical
relationships linking growth to population
density, and linking recruitment to
breeding stock size and spring water

temperature.

Whole lake

Developed from 72 North
American lakes.

Empirical models, guidelines are presented
for partitioning the total potential fish
yield into individual yields for 7 fish
species.
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FISH MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Output Variables

Lake Trout Energetics
(l0)
Model

Parameters related to food
consumption, metabolism,
swimming speed, egestion,
excretion, and fish energy
density

Estimates of
annual forage
requirements of
past, present
and future
lake trout
populations

Long term
dynamics

Parameters related to
fecundity and survival,
growth. sea lamprey
predation, natural and
fishing mortality

Estimates of
lake trout
population
abundance

Long term
dynamics

D. J. Stewart, and
D. Weinberger,
University of Wisconsin;
D. V. Rottiers, and
T. A. Edsall,
U.S. Fws,
Ann Arbor, Michigan
Lake Trout Model

(ll)

C. J. Walters,
University of British
Columbia;
G. Steer,
Simon Fraser University;
G. Spangler,
University of Minnesota
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Projections

Spatia]

Caiibration/

Major Assumptions/

Dimensionaiity

Verification/Appiication

Limitations/Unique Features

Whoie iake

Appiied to Lake Michigan.

Simulation mode], predicts forage

Whoie-iake

Appiied to Lake Superior.

Simuiation mode], predicts iong term lake
trout dynamics in reiation to fishing,
stocking, and sea lamprey abundance.

89

requirements of existing and future
projected 1ake trout popuiations.
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NONPOINT SOURCE MODELS
Model and Principal

Input Data

Principal Out

Investigator

Requirements

put Variables

Projections

Watershed

Loads of pollutants from
different portions of
watershed

Pollutant load
at river mouth

Most cost
effective of
point and
nonpoint
control
measures

Precipitation, daylight hours,
soil erodibility, topography,
cover and farming practices,
N & P fertilizer application
rates, crop type, temperature

Runoff,
sediment
losses,
nitrogen and
phosphorus
losses
(dissolved and
particulate)

Monthly
water,
nutrient and
sediment
losses

Crop type, crop management

Dissolved and
particulate
pollutant
losses

Watershed surface geometry,
watershed soils distribution,
precipitation, soil
infiltration capacity

Area of
watershed
contributing
surface runoff
to streams

(l)

T. J. Monteith,
R.A.C. Sullivan,
T. M. Heidtke, and
W. C. Sonzogni,
Great Lakes Basin
Commission,
Ann Arbor, Michigan
Cornell Nutrient
Simulation Model (CNS)
(2)
L. J. Tubbs, and
J. M. Montgomery,
Consulting Engineers,
Walnut Creek, California;
D. A. Haith,
Cornell University
Nonpoint Source
Planning Model
(3)
D. A. Haith, and
L. J. Tubbs,
Cornell University
Contributing Areas
Model
(4)
W. J. Gburek,
USDA ARS,
University Park,
Pennsylvania

and treatment practice, soil
type, slope, length and
gradient, distance to
drainage channel,
meteorological data

92

Event based

predictions

Event based
predictions

Spatial
Dimensionality

Horizontal
transport

Verification/Application

Calibration/
Major Assumptions/
Limitations/Unique Features

Applied to Sandusky River
draining into Lake Erie.

A simple accounting system design to
assess stream pollution management
strategies for large areas (>l00 mi.2).
Handbook available as well as FORTRAN
program.

Authors claim no calibration
is needed, tested on 6 New
York fields.

Can evaluate crop management methods,
timing of field operations, soil and water
conservation practices, and timing and
amounts of fertilizer applications but not

manure or crop residue management.

Horizontal
transport

Tested on 391 sq. km.
Pennsylvania watershed for
35 major storm events over a
l6 month period. Applicable
to Great Lakes management
questions.

Best used to identify approximate
magnitudes of agricultural nonpoint
pollution, and to evaluate likely
changes in loading due to alternative
management practices.

Vertical and

Applied to 42 agricultural
watersheds in east central
Pennsylvania.
Pertinent to
Great Lakes since determining
contributing areas was a
major unresolved
question
during IJC's Pollution
from Land Use Activities
Reference Group Study.

Defines the recurrence interval with which
any part of a watershed contributes
runoff, and thus NPS pollution.

horizontal
transport
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NONPOINT SOURCE MODELS (Continued)
Model and Principal
Investigator

Input Data
Requirements

Principal Output Variables

Projections

Nonpoint Source Model
(NSP)
(5)

Precipitation, temperature,
solar radiation, wind,
watershed characteristics,
topography, soils, land use,
land surface characteristics

Total runoff,
peak flows,
total flow,
total sediment
and pollutant
washoff, BOD

15 minute
intervals
also daily,
monthly and
yearly
projections

Soil group, crop type,
conservation practices,
subarea size, phosphorus
buffer curve parameters,
monetary budgets for each
crop activity, target P
loading

Runoff, soil
erosion losses,
labile P
losses,
marginal and
total costs
of different
management
options

Event based
projections

Watershed land use, soil
types, daily precipitation,
temperature, rainfall
erosivity

Runoff,
sediment
losses,
dissolvedand
particulate N
and P losses

Event based
projections

J. P. Hartigan,
Camp Dresser and
McKee Inc.,

Annandale, Virginia;
T. F. Quasebarth, and
E. Southerland,
N. Virginia Planning
District Commission,
Annandale, Virginia
Linear Programming
NPS Model
(6)
C. w. Ogg,
USDA, Washington,
H. B. Pionke,
USDA,
University Park,
Pennsylvania;
R. E. Heimlich,

D.C.;

USDA,

Cornell University
Loading Function Models
(7)
L. L. DickerhoffDelwiche,
Clemson University;
D. A.

Haith,

Cornell University
Phosphorus Export
Manual
(8)

!
Varied

Varied

K. H. Reckhow,
Duke University;
M. N. Beaulac, and
J. T. Simpson,
Michigan Sate University
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Varied

Spatial
Dimensionality

Calibration/
Verification/Application

Major Assumptions/
Limitations/Unique Features

Horizontal

Calibrated to ll single land
use watersheds in the
Chesapeake Bay area.

Calibrated NPS loading factors for TN and
TP are presented for 5 land use
categories.

Horizontal
transport

Applied to Greenlane
Reservoir drainage area,
southeastern Pennsylvania,
authors suggest the model
does not require statistical
calibration in every
watershed. Model likely to
be useful in Great Lakes.

Uses a modified universal soil loss
equation, intended to identify the best
NPS management options attainable with
given budget outlays, also to allocate
pollution control funds efficiently
among watersheds.

Horizontal

and vertical
movement of
water and
pollutants

Tested on the West Branch

Uses a modified universal

transport

Delaware River watershed,
Possible
in New York.
application to Great Lakes
watersheds.

equation, separate models are used for
urban, cropland, forest and barnyard
runoff, intended to predict N and P losses
from complex watersheds.

Varied

Developed from extensive
surveys of nutrient export
coefficients.

Emphasizes importance of uncertainty
analysis.
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soil

loss

